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INTRODUCTION 


Project  DAME  (Determination  of  Aircraf  t/Missi  le  Environment)  was 
initiated  by  the  Air  Force  Rocket  Propulsion  Laboratory  (AHIPL)  several 
years  ago  to  determine  the  thermal  und  vibrational  environments  imposed 
on  an  air-launched  missile  propulsion  system  during  captive  carriage  on 
high-performance  aircraft.  The  primury  impetus  to  start  the  program 
resulted  from  an  \FRPL  survey  showing  a universal  feeling  throughout 
the  propulsion  industry  that  existing  military  specifications  and  stand- 
ards describing  qualification  testing  were  unrealistic.  A qualifica- 
tion specification  that  is  erroneous  with  respect  to  severity  may  result 
in  a compromise  in  weapon  system  performance  or  excessive  test  costs. 
Rocket  motors  qualified  under  inadequate  environmental  conditions  may  not 
be  able  to  withstand  actual  mission  conditions.  This  may  cause  opera- 
tional and  logistics  problems  and  endanger  lives  and  equipment.  On  the 
other  hand,  a rocket  motor  designed  for  unrealistically  high  environmen- 
tal loads  will  lack  performance  and  cost  effectiveness.  Additional  cost 
is  sometimes  incurred  during  design  in  an  attempt  to  provide  a motor  that 
will  withstand  loads  to  be  imposed  during  simulation  testing  rather  than 
loads  to  be  encountered  in  use. 

The  method  of  simulation  testing  is  also  important.  Accelerometer 
data  from  instrumented  aircraft  stores  were  used  to  generate  the  vibra- 
tional test  levels  shown  in  MIL-STD-810B.  The  method  of  testing,  how- 
ever, is  i 1 1-def ined;  and,  in  a majority  of  the  qualification  tests 
conducted  on  weapon  systems,  there  is  generally  little  commonality 
between  the  simulation  test  environment  and  the  aircraft  captive-carry 
environment . 

Advanees  in  developing  load  sensors  that  can  be  implanted  in  propel- 
lant have  provided  new  methods  of  determining  environmentally  imposed 
stress,  strain,  and  shear  loads.  Project  DAME  was  designed  to  utilize 
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those  advance!*  and  provide  some  of  the  data  required  to  establish  more 
realistic  test  specifications.  The  aerodynumica 1 ly  shaped  Bomb  Dummy 
Unit  (BDU)  used  for  Project  DAMP  was  modified  to  contain  150  pounds  of 
inert  propellant;  stress  sensors,  strain  gages,  shear  gages,  and  ther- 
mistors embedded  in  the  propellant;  accelerometers;  surface-mounted 
thermocouples;  semi-conductor  strain  gages  on  the  launcher  lugs  and 
sway  braces;  and  a complete  data  acquisition  system. 

An  F-lll  aircraft  was  selected  as  the  test  bed  because  of  its  supe- 
rior air  speed  ut  both  high  and  low  altitudes.  The  flight  profiles  for 
Project  DAMi:  included:  M - 0.70  at  55,000  feet,  M - 0.9  at  500  feet 
above  ground  level  using  terrain-following  radar  (THl),  and  M = 2.0  at 
Ml, 000  feet.  Test  history  chronology  is  shown  in  Figure  I. 

Lockheed  Propulsion  Company  designed  and  fabricated  the  instrumented 
inert  propellant  gruin.  Propellant  guge  outputs  were  estimated  based  ou 
flight  regimes  provided  by  the  Air  Force.  These  predicted  loads  and  the 
actual  flight  loads  were  compared  by  Dr.  Harold  Leeming  during  the  pro- 
gram to  verify  that  guge  outputs  were  believable  and  to  determine  the 
accuracy  of  the  prediction  techniques  used.  General  Dynamics  predicted 
the  vibration  loads  and  aerodynamic  heating  to  be  experienced  during  the 
flight  test  program.  Hocketdyne,  McGregor,  Texas,  conducted  ground  sim- 
ulation and  calibration  tests  with  the  all-up  flight  vehicle. 

The  test  program  began  with  vibration  of  the  entire  flight  vehicle 
using  sine  inputs  to  calibrate  the  system  and  to  check  responses  of  the 
guges.  Random  vibrational  loads  and  aerodynamic  heat  input  levels  pro- 
vided by  General  Dynamics  were  then  applied.  A second  series  of  ground 
simulation  tests  was  run  in  mid-program  to  obtain  preliminary  compari- 
sons with  earlier  tests  baaed  on  prediction.  Aeroheat  was  sirv'lated 
using  a circulating  air  system.  Gage  responses  were  recorded  on  the 
flight  vehicle  tape  recorder  as  well  as  on  a ground  station.  Simulation 
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Figure  1.  Chronological  History  of  the  BDL' 


test  gage  responses  recorded  on  the  flight  vehicle  tape  recorder  and 
on  the  ground  station  were  compared  to  those  in  actual  flight. 

The  program  was  concluded  with  a third  series  of  tests  to  determine 
the  means  for  reproducing  flight  loads  in  a simulation  test.  The  first 
series  of  tests  involved  the  entire  flight  vehicle.  The  inert  rocket 
motor  was  then  disassembled  from  the  flight  vehicle  and  tests  were  run 
to  simulate  the  flight  environment  in  the  motor.  (Most  qualification 
tests  are  run  with  only  the  motor.)  An  assessment  leading  to  a quali- 
fication test  specification  to  simulate  captive  flight  loads  was  then 
made . 

This  report  describes  the  fabrication,  ground  and  flight  testing, 
and  analysis  of  the  BDU  and  draws  from  the  data  to  describe  implications 
for  motor  qualification  testing  of  tactical  missiles. 
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TEST  VEHICLE 


DESCRIPTION 

The  BIX)  contains  150  pounds  of  inert  HTPB  propellant  in  a simple 
center-perforated  grain,  17 . 5 inches  long  with  a diameter  of  13. 5 inches. 

The  original  configuration  of  the  BDU  aft  section  is  shown  in  Figure 
2.  This  basic  structure  was  modified  to  allow  a propellant  grain  to  be 
cast  into  Section  B.  To  apply  gage-calibration  pressure  steps  to  the 
grain,  pressure- tight  end  closures  were  installed.  An  air-tight  system 
also  helps  prevent  grain  damage  from  moisture  or  other  atmospheric  con- 
taminants. A sketch  of  the  modified  BDU  is  shown  in  Figure  3. 

The  circular  port  grain,  17-5  inches  long  with  a nominal  web  fraction 
of  0.75,  bad  a bore  diameter  of  3-5  inches  at  the  bead  end,  tapering  to 
3.0  inches  at  the  aft  end.  A 0. 1-inch- thick  layer  of  insulation  was  bonded 
directly  to  the  aluminum  case. 

The  grain  was  instrumented  with  strain,  stress,  and  shear  gages  (see 
Figure  4).  The  clip-type  strain  gages  use  two  semiconductors  to  form 
two  active  elements  of  a bridge  circuit.  Two  clip  gages  (one  to  measure 
hoop  strain  and  the  other  longitudinal  strain)  were  mounted  in  the  middle 
of  the  bore.  Six  Konigsberg  Instrument  P14B  150  psi  range  diaphragm 
gages  were  used  to  measure  radial  propellant-to-liner  bond  stress  E’our 
embedded  shear  stress  gages  were  used.  These  gages  and  their  locations 
are  described  in  the  Instrumentation  section. 

Since  propellant  gage  outputs  are  dependent  on  temperature,  20 
thermistors  were  installed  to  measure  temperatures  in  the  immediate 
vicinity  of  the  gages,  at  the  case/liner  interface  (CLl),  and  throughout 
the  grain. 
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Propellant  gages  were  calibrated  over  a temperature  range  of  -65  to 
200  F before  they  were  embedded  in  the  propellant  uud  again  after  propel- 
lant cure.  Gage  response  was  checked  before  several  flights  by  pressuriz- 
ing the  motor  chamber  cavity  from  the  rear  end  of  Section  E (Ref.  Figure  2) 
through  the  hollow  tie  bar  with  nitrogen  from  0 to  50  psig. 

In  addition  to  the  propellant  transducers,  numerous  accelerome ters 
and  a system  for  measuring  the  load  interchange  between  the  BDG  and  the 
aircraft  wing  were  installed.  The  flight  load  measuring  system  con- 
sisted of  semiconductor  strain  gages  applied  to  a MAU-12C  launcher  and  to 
the  BDU  launch  lugs. 

The  BIXi  was  retained  on  the  launcher  by  a stiff  aft  lug  and  a hinged 
forward  lug.  Stability  was  uchieved  with  a pair  of  sway  braces  mounted 
between  the  lugs.  The  lugs  were  preloadcd  by  the  launcher  sway  brace  set 
screws  and  were  calibrated  by  applying  known  force  vectors  to  the 
1 auncher/UUI  assembly. 

I N HIT  PROPELLANT  COMPOSITION  AND  PROPERTIES 

Tlie  inert  propellant  in  the  BDU  was  I*PC-6t>7,  an  HTPB  propellant 
developed  by  Lockheed  Propulsion  Company.  The  formulation  and  significant 
properties  are  given  in  Table  1. 

Tab-end  uniaxial  test  specimens  tested  at  approximately  2^  strain 
gave  the  relaxation  modulus  data  shown  in  Figure  5 and  the  Log  a'j>  shift 
factors  shown  in  Figure  6.  Some  more  recent  indentation  modulus  values 
are  also  shown  in  Figures  5 and  6.  Indentation  data  show  modulus  values 
approximately  twice  those  of  the  earlier  uniaxial  test  data;  and  after 
this  material  was  exposed  to  a temperature  of  150  F for  1 month,  a con- 
siderably higher  indentation  modulus  value  was  obtained.  This  indicated 
that  the  LPC-667  inert  propellant  would  harden  during  the  life  of  the  BDC, 
resulting  in  increasing  stresses. 
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TABLE  J.  FORMULATION  AND  PHYS1CAI  PROPHITIES  OF  LPT-667 


Formulation,  wt  f. 

R-45/TDI  Polyrocr/Uura  tive 

150 

Fi  llers 

Aluminum 

47.0 

(NII^  )2SO,4 

35-0 

1DP 

3.0 

Significant  Physical  Properties 

Block  Density,  lb/cu  in. 

0.0(j  34 

Coefficient  of  Linear  Expansion,  deg  F ^ 

4 .25  to  A.  50  x 10"  ’ 

Poisson's  Ratio 

0.485 — 0.49 

Stress  Free  Temperature,  deg  F 

~ 170 

PR0PE1LANT  GRAIN  STRESS  ANALYSES 

Stress  analyses  of  the  propellant  ((rain  were  performed  for  loading 
conditions  of  internal  pressure,  steady-state  temperatures,  transverse 
dynamic  accelerations,  and  aerodynamic  heating.  All  calculations  were 
made  with  finite  element  computer  programs  operating  on  a digital  com- 
puter. Thermal  and  pressure  calculations  were  performed  with  a finite 
element  axi symmetric  model  consisting  of  200  elements  uniformly  posi- 
tioned in  both  axial  and  radial  directions.  Transverse  dynamic  solu- 
tions were  computed  with  a plane  strain  model  containing  162  elements 
in  a 180-degree  section,  using  symmetry  conditions  on  the  sector  bound- 
aries. These  elements  were  positioned  every  10  degrees  with  uniform 
radial  divisions.  Thermal  and  pressure  problems  were  run  with  elastic 
properties;  linear  viscoelasticity  was  used  in  the  dynamic  computations. 
The  results  of  the  thermal  analyses  are  shown  us  stress  and  deformation 
patterns  in  Figures  7 through  18.  The  asymmetry  of  these  stress  patterns 
is  due  to  the  taper  in  the  '(rain  configuration. 
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Figure  16.  Predicted  and  Experimental  Bore  Axial  Strains 
vs  Temperature,  Midpoint  of  BDU  Grain 
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1 i gure  17-  Predicted  and  Experimental  Bore  Hoop  Strains 
vs  Temperature,  Midpoint  of  HDD  Grain 
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Figure  18.  Ih- forma i i on  and  Bond  Stress  Under  Transverse 
Dynamic  loads  of  10  g at  300  Hz 
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Under  some  loading  conditions  the  stresses  exhibit  an  oscillatory 
pattern  that  is  not  n real  phenomenon  but  a consequence  of  the  periodicity 
of  the  element  spacing.  Actual  stresses  follow  the  mean  value  of  the 
oscillations. 

Dynamic  solutions  were  obtained  for  the  conditions  of  applied  sinu- 
soidal displacements  of  several  frequencies  and  magnitudes.  Displacement 
magnitudes  were  adjusted  to  produce  a 10-g  peak  acceleration  at  each 
frequency.  Dond  stresses  under  this  loading  are  thus  independent  of 
frequency,  having  a magnitude  of  about  35  psi  at  the  top  and  bottom 
grain  boundary. 

This  corresponds  to  2.7  psi  for  locations  at  a roll  angle  of  *»5°  to 
the  plane  of  transverse  acceleration.  (BDU  normal  stress  gages  were 
oriented  in  a plane  4 5°  from  vertical  in  flight  configuration. ) For 
linear  response  one  would  predict  0.27  psi  bond  stress  for  a 1-g  vertical 
(/-axis)  acceleration. 

Maximum  displacement  response  to  the  dynamic  loading  does  not  occur 
at  the  same  location  for  each  frequency  but  tends  to  occur  either  at  the 
top  of  the  inner  bore  or  at  the  90-degree  position  in  the  center  of  the 
web.  This  displacement  pattern  is  shown  in  Figure  18. 

Results  of  the  dynamic  analyses  are  presented  in  Table  2.  The  in- 
put frequencies  shown  were  chosen  to  coincide  with  modal  frequencies  of 
the  entire  BDU  assembly  and  do  not  represent  modes  of  the  propellant 
grain  itself. 

The  aerodynamic  heating  unalysis  was  made  in  two  parts.  The  pro- 
pellant modulus  (see  F’igures  5 and  6)  was  determined  at  appropriate  tem- 
peratures and  loading  times.  For  the  aerodynamic  heating  analysis,  the 
grain  temperature  distribution  measured  at  the  end  of  the  high-altitude 
dash  in  Flight  10  was  used  (see  Flight  Tests  Section).  The  peak  bond 
stress  was  calculated  to  be  2.6  psi. 
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TABLE  2.  DISPIACFMFNT  AND  DISPIACFMFNT  AMPLIFICATION 
FOR  10  n TRANSVIHSE  DYNAMIC  LOADING  OF  THE 
BIX'  GRAIN 


Frequency, 

Hz 

Input 

Di s placement, 
in. 

Maximum 

Amplification 

Locati on 

10 

0.  100 

1.01 

Midweb  at  90° 

64 

0 . 024 

1.01 

Midveb  at  90° 

143 

O.OtViS 

I .01 

Midweb  at  90° 

300 

0.00109 

1.09 

Inner  Bore 

2000 

0. 0000245 

2.  i 

Inner  Bore 

INSTRUMENTATION 
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BDU  INSTRUMENTATION 

Instruments  used  in  the  inert  propellant  grain  were  designed  to 
measure  the  following  parameters: 

1.  Bore  hoop  and  axial  strains 

2.  Radial  temperature  profile 

3.  Normal  and  shear  stresses  at  the  case-grain  interface 
Temperature 

Bore  strains  were  measured  by  flexible  metal  clip  gages,  Figure  19, 
mounted  on  the  bore  of  the  grain  by  means  of  short  pins  embedded  in  the 
propellant.  The  strain  in  the  inert  propellant  at  the  clip  gage  locations 
was  not  sufficient  to  produce  cracking,  even  with  the  increase  in  strain 
produced  by  the  embedded  pins. 

Temperatures  were  measured  by  means  of  VECO  "thinis tors , " extremely 
thin,  unprotected  thermistors  with  a very  rapid  temperature  response.  The 
thermistors  were  installed  adjacent  to  each  of  the  stress  and  strain  sen- 
sors, and  a temperature  rake  (Figure  20)  manufactured  from  cured  inert 
LPC-667  propellant  was  also  used  to  measure  the  gradient  in  the  grain. 

Normal  interface  stresses  in  the  grain  were  monitored  by  Konigsberg 
P1AB  150  psi  diaphragm-type  pressure  sensors.  These  devices  were  bonded 
to  the  inside  of  the  insulation  layer  coated  on  the  case  wall.  Inter- 
face shear  stresses  were  monitored  by  several  types  of  shear  sensors: 

Two  shear  cubes  containing  semi-conductor  strain  gage  elements  as  shown 
in  Figure  21a,  two  shear  cubes  containing  120-ohm  foil-type  strain  gage 
elements  (F’igure  21b),  and  a shear  gage  using  a bending  beam-type  arrange- 
ment as  shown  in  Figure  21c. 
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figure  .9.  Clip-Type  .rface  Strain  > awes  Mounted  on 
Bore  of  BIk 
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Figure  liO.  Thermocouple  Hake  for  Strain  Hadial 
Temperature  Profile 
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Inert  Prope 1 lant 


Kulite  Semi-conductor 
Strain  Gages 


a.  Semiconductor  Strain  Gaged  Shear  Cube  (SH-1,  SH-2) 


b.  Foil  Strain  Gaged  Shear  Cubes  (S-120A,  S-120B) 


c.  Bending  Beam  type  Shear  Sensor  (SH-lOl) 

Figure  21.  Shear  Senaora  Used  in  BDU 
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GAGE  LOCATIONS 


The  instrumentation  plan  for  the  grain  was  designed  to  use  two  planes 
of  embedded  sensors  as  shown  in  Pigure  22.  In  this  manner,  it  was  expected 
that  sufficient  datu  under  conditions  of  yawing,  pitching,  and  vibration 
(and  combinations  of  these  parameters),  would  be  obtained  during  the  flights 
In  addition,  the  instrumentation  plan  was  slightly  redundant  so  a number  of 
the  gages  could  fail  during  the  life  of  the  BDU  without  impairing  the  per- 
formance of  the  BDU  as  a whole. 


Figure  22,  HDU  Grain  Instrument  Locations 

The  thermistors  did  gradually  fail  during  the  life  of  the  BDU  and  one 
shear  cube,  SH-1,  failed  when  the  muudrel  was  withdrawn  from  the  grain 
after  casting,  leaving  only  one  of  the  sensitive  shear  cubes,  which  re- 
mained operative  for  the  majority  of  the  test  flights.  The  shear  gages 
with  foil  sensing  elements  operated  successfully  throughout  the  flights, 
but  their  sensitivity  was  barely  adequate  for  the  thermal  stresses  in  the 
grain.  Only  one  normal  150-psi  diaphragm  stress  sensor  malfunctioned  dur- 
ing the  life  of  the  BDU.  Gage  N-18  became  defective  in  one  sensing  element. 


and  was  subsequently  rewired  as  a half-bridge  gage.  In  this  configura- 
tion, changes  in  pressure  could  readily  be  measured,  as  could  vibrational 
stresses  during  flight.  However,  the  zero  stress  temperature  function  for 
this  modified  gage  was  not  known,  with  the  result  that  thermal  stresses  it 
recorded  were  in  error  during  the  later  test  flights. 

A CEC-typc  accelerometer  was  mounted  on  the  front  face  of  the  grain 
to  measure  fore  and  aft  grain  accelerations  in  flight.  Because  of  the 
small  amplitudes  of  these  fore  and  aft  grain  accelerations,  this  accel- 
erometer was  later  relocated  to  measure  vertical  grain  accelerations 
toward  the  front  of  the  bore  of  the  grain.  When  the  instrumentation  was 
embedded  in  the  grain  it  was  intended  that  one  plane  of  gages  should  be 
located  vertically  and  the  other  plane  horizontally.  However,  it  was 
discovered  that  the  fins  on  the  aft  end  could  not  be  fixed  vertically  and 
horizontally  because  they  would  foul  the  launcher.  Consequently  the 
entire  BDC  was  rotated  45  degrees  counter-clockwise  with  respect  to  the 
forward  face  of  the  grain,  which  meant  that  both  planes  of  embedded  sen- 
sors were  inclined  at  45  degrees  to  the  vertical  and  horizontal  planes. 

It  was  determined  during  the  flights  that  the  grain  section  was  not 
completely  sealed  against  atmospheric  pressure.  Consequently  a portion 
of  the  "stress"  measured  during  the  flights  was  caused  by  the  reduction 
in  atmospheric  pressure  with  altitude.  To  determine  the  internal  atmos- 
pheric pressure  at  each  phase  in  the  test  flight,  a 25-psi  pressure  gage 
was  bonded  to  the  front  face  of  the  grain.  Thermal  stress  in  the  grain 
was  ascertained  by  subtracting  this  change  in  atmospheric  pressure  from 
the  total  change  in  stress  at  the  gage  location. 

TffiXMISTlR  CALIBRATION 

The  thermistors  were  connected  with  three  resistors  to  form  a bridge 
circuit  (Figure  23)  that  was  supplied  from  the  28-volt  regulated  voltage 
supply  through  a dropping  resistor.  The  circuit  for  the  grain  thermistors 
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was  arranged  to  give  an  output  between  approximately  50  and  250  milli- 
volts for  the  expected  temperature  range  of  100  to  -70  F. 

The  circuit  for  the  case  thermistors  was  arranged  to  measure  high 
temperatures  (above  100  F)  and  still  give  an  output  in  the  0-  to  300- 
millivolt  range.  The  devices  were,  however,  calibrated  over  the  entire 
range  from  -70  to  100  P and  produced  a large  output  (l.O  volt)  at  the 
lower  temperatures . 

Typical  thermistor  calibration  data  are  presented  in  Figures  24  and 
25  for  grain  and  case  thermistors,  respectively.  The  curves  are  not 
linear;  in  fact,  a second  order  equation  of  the  type 

E0  = A + BT  + CT2 

was  required  to  provide  a sufficiently  accurate  fit. 

One  additional  problem  concerned  the  change  in  thermistor  circuit 
output  with  time.  Either  because  of  aging  >f  the  exposed  semi-conductor 
thermistor  material  or  because  of  propellant  attack,  the  thermistor  out- 
put changed  with  time.  The  aft  section  of  the  BDU  was  placed  in  a 
storage  box  periodically  and  exposed  to  a series  of  different  tempera- 
tures from  150  to  -20  F.  New  calibration  curves  were  obtained  from 
these  data.  The  change  with  age  is  illustrated  in  Figure  26  for  Ther- 
mistor 2. 

PROPELLANT  BORE  a, IP  STRAIN  GAGE  CALIBRATION 

The  electrical  circuit  used  with  the  bore-mounted  clip  gages  is 
shown  in  Figure  27.  The  two  semi-conductor  strain  gages  mounted  on  the 
clip  gage  formed  two  active  elements  of  the  bridge  circuit,  and  the 
bridge  was  supplied  from  the  28-volt  regulated  supply  through  a 13K  ohm 


Figure  26.  Thermistor  2,  Output  vs  Temperature 
Showing  Changes  with  Age  of  BPU 
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Figure  27.  Surface  Strain  Gage  Circuit 

The  clip  gages  were  calibrated  by  bonding  pins  to  a vernier  caliper, 
mounting  the  gage  on  the  pins,  and  measuring  the  output  for  known  pin 
separations  across  the  temperature  range  of  interest.  Clip  gage  calibra- 
tion data  are  shown  in  Figures  28  and  29.  Gage  BB-1  calibration  data 
(Figure  28)  are  not  quite  linear.  The  150  F curve  exhibits  a lower  sen- 
sitivity than  the  other  curves  (presumably  due  to  softening  of  the  epoxy 
used  to  mount  the  semi-conductor  strain  gages).  This  wus  not  a problem 
during  flight  tests  because  the  bore  temperature  remained  relatively  low. 

Clip  Gage  BB-2  was  replaced  in  June  1971.  The  new  gage  calibra- 
tion data  (Figure  29)  are  essentially  linear  with  no  significant  loss  in 
sensitivity  at  the  high  temperature. 
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Figure  J8.  Surface  Clip  Gage  1 Calibration  Data 
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Output  Signal , 


Figures  10  and  11  show  clip  gage  output  during  isothermal  tests 
from  150  to  -40  F.  Clip  Gage  BB-2  reading  hoop  strain  in  the  bore 
showed  a change  from  the  initial  reading  in  1970  to  the  1971  tests,  but 
thereafter  no  significant  change  in  gage  output  was  observed.  Gage 
BB-I  measuring  bore  axial  strain  showed  no  significant  changes  during 
the  entire  life  of  the  BDU . 

NORMAL  STRESS  SENS OH  CALIBRATION 

The  Konigsberg  P14B  normal  stress  gages  contained  four  semi-conductor 
strain  gage  elements,  two  on  each  side  of  the  diaphragm,  wired  to  form  a 
four-active-arm  bridge  circuit  as  shown  in  Figure  52.  A dropping  resistor 
of  approximately  l.OK  ohms  was  used  with  a 28-volt  power  supply.  Various 
series  and  shunt  resistors  were  used  in  the  circuit  to  give  a low  zero  shift 
with  temperature  and  an  almost  constant  sensitivity.  Each  gage  was  in- 
dividually temperature-compensated  and  its  circuit  was,  therefore,  slightly 
different  from  circuits  of  the  other  gages. 

Normal  stress  sensors  were  calibrated  with  the  gages  bonded  in  place 
inside  the  case  and  surrounded  by  inert  propellant  of  approx ima te ly  1.5- 
inch  radius.  Pressure  steps  were  applied  to  the  gage-propellant  systems, 
and  gage  output  signals  were  recorded.  By  conducting  the  pressure  cali- 
bration tests  at  a series  of  temjieratures , the  gage  zero  shift  and  sensi- 
tivity to  pressure  were  obtained  across  the  temperature  range  from  154  to 
-68  F. 

Figure  55  shews  the  complete  calibration  data  obtained  for  Gage  18 
at  temiK'ratures  between  154  and  -68  F and  pressures  from  0 to  50  psi. 

Data  for  the  other  five  gages  were  similar.  Because  the  output  signal- 
pressure  data  are  linear  they  may  be  described  in  terms  of  the  output 
signal  at  zero  pressure  (the  normal  zero  signal)  and  the  slope  of  the 
line  (gage  sensitivity,  mv^psi).  Thermal  zero  signals  for  the  six  gages 
are  plotted  as  functions  of  temperature  in  Figure  54;  gage  sensitivities 
vs  temperature  are  plotted  in  Figure  55. 
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Figure  30.  Surface  Clip  Gage  BB-1  Data  from  Isothermal 
Tests 
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Figure  32.  Typical  Konigsberg  PUB,  130-psi  Diaphragm 
Gage  Circuit 


* 


Figure  33.  Pressure  Calibration  Data  l'or  150-psi  Normal 
Stress  Gage  18 
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Sensitivity,  mv  psi 


Following  canting  of  the  grain  in  1969,  the  unit  wan  subjected  to  a 
series  of  in-situ  step  pressure  calibration  tests  at  temperatures  from  139 
to  -65  F.  Periodically  thereafter  these  step-pressure  in-situ  calibration 
tests  were  repeated  over  the  life  of  the  BDU.  Only  slight  changes  in 
gage  sensitivity  were  noted  during  these  tests,  as  illustrated  in  Figures 
36  and  37.  Changes  in  gage  reading  under  zero  applied  pressure  were 
observed,  however,  due  to  aging  of  the  propellant.  These  changes  are 
illustrated  in  Figures  3H  and  39  representing  the  greatest  and  the  small- 
est changes  in  gage  output,  respectively.  Because  we  could  not  determine 
whether  or  not  the  changes  in  gage  output  with  age  would  cause  a similar 
change  in  the  embedded  gage  output  without  the  grain,  gage  readings  were 
consistently  interpreted  from  the  original  1969  no-grain  zero  stress  curves. 
In  most  cases  this  resulted  in  increasing  thermal  stress  with  age  that  would 


Temperature,  deg  F 

Figure  36.  Normal  Gage  N-21  Sensitivity  vs  Temperature 
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Figure  37.  Normal  Gage  N-23  Sensitivity  vs  Temperature 

be  expected  from  a propellant  hardening  with  time.  However,  a hardening 
propellant  would  be  expected  to  produce  a smaller  gage  sensitivity  at  low 
temperatures,  which  is  contrary  to  the  data  shown  in  Figures  36  and  37- 

SHEAR  STRESS  GAGE  CALItttATION 


Bridge  circuits  for  the  three  types  of  shear  gages  used  are  shown 
in  Figure  k 0.  All  three  circuits  were  powered  through  dropping  resis- 
tors from  the  28-volt  supply  line.  No  temperature-compensating  devices 
were  used  with  the  shear  gage  circuits. 

The  shear  gages  were  calibrated  while  cast  in  a double  overlap 
shear  fixture.  Constant-load  creep  tests  were  performed  at  constant 
tem{>eratures  between  150  and  -A 7 F. 
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«1  Stress  Gage  N-114,  Output  vs 
>era  ture 


Unlike  the  normal  stress  gages  tint  have  an  almost  constant  sensi- 
tivity across  the  temperature  range,  the  shear  gage  response  to  stress 
varied  markedly  with  temperature  and  with  time.  Therefore,  although  the 
gage  zero  signals  are  primarily  functions  of  temperature,  shear  gage 
sensitivities  had  to  he  plotted  against  log  reduced  time.  Zero  load 
signals  for  the  four  gages  are  plotted  against  temperature  in  Figure  bl. 
Zero  shift  for  the  shear  gages  using  semi-conductor  elements  (101  and 
SH-2)  is  greater  thun  tliat  for  the  foil  gage  Shear  Cubes  120A  and  120B. 
(Zero  shift  of  Gage  SH-2  was  adjusted  to  the  100-millivolt  offset  so 
that  gage  output  readings  in  flight  would  he  within  a _+  100-millivolt 
range . ) 

Shear  gage  sensitivities  are  given  against  log  reduced  time  in 
Figures  A2  and  b3,  which  show  that  shear  gage  data  were  not  as  precise 
and  repeatable  as  data  from  the  other  gages.  Semiconductor-gaged  sensors 
SH-2  and  101  produced  the  best  calibration  data.  SH-2  Was  u eful  across 
the  whole  temperature  range ; whereas  Gage  101  yielded  poor  data  above 
% F.  The  presence  of  the  metal  foil  in  Gage  101  produced  a much  larger 
signal  attenuation  at  low  temperatures  than  was  obtained  with  Shear  Cube 
SH-2. 


Sensitivity  data  obtained  from  Gages  120A  and  12011  showed  consider- 
able scatter  and  irregularity.  Two  causes  of  the  data  scatter  were 
de  termined : 

1.  Zero  drift  in  the  digital  mil  1 ivol tmo ter  used  to  measure 
gage  output 

2.  Temperature  changes  due  to  self  heating  of  the  gages 

Zero  drift  of  the  muter  caused  the  data  scatter  at  short  times. 

This  is  particularly  evident  in  data  from  Shear  Gage  12011.  The  drift 
was  only  1 to  2 millivolts,  but  this  was  a significant  fraction  of  the 
output  signal. 
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Figure  V2.  Shear  Hagen  SH--  anii  SH-12QA,  Response  vs  Log 
Reduced  Time 
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Figure  M.  Shear  Gages  101  and  1 Li  Oil , Response  vs  Log 
Reduced  Time 


The  dashed  curves  shown  in  Figures  42  and  43  are  the  suggested 
calibration  curves,  based  on  available  data,  for  the  shear  gage. 

Figures  44  and  43  show  isothermal  shear  gage  outputs  for  SH-2  and 
SH-120A,  respectively , as  measured  at  different  times  during  the  life  of 
the  BDU.  There  appears  to  be  no  consistent  trend  in  data  for  Gage  SH-2, 
which  be  came  defective  by  1 974 . Data  for  S1I-12QA,  however,  show  the 
greatest  chunge  in  the  early  years  1970  through  1973,  after  which  gage 
reading  remained  reasonably  constant. 

Results  of  step  pressure  tests  on  Gages  SH-120A  and  -120B  at  70  F 
over  the  life  of  the  HDU  are  shown  in  Figure  46.  These  data  reveal 
little  change  in  sensitivity. 


Additional  calibration  data  are  presented  in  Appendices  A and  B. 
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Figure  kh.  Shear  Stress  Gage  SH--,  Output  vs  Temperature 
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Figure  \5.  Shear  Stress  Gage  SH-1U0A,  Output  vs 
Temperature 
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LAUNCHER  INSTRUMENTATION 


Locations  of  instrumentation  on  the  BDU  motor  and  a flow  diagram 
indicating  the  monitoring  system  are  charted  in  Figure  A7.  Wires  and 
strain  gages  on  several  components  were  broken  during  flight  testing  and 
liandling.  Repairs  trade  after  Flight.  11  included  installation  of  new 
strain  gages  on  the  UDU  forward  and  aft  launch  lugs  and  on  the  aft  sway 
brace  of  the  launcher. 

Subsequent  to  gage  installation,  the  instrumented  launcher  and  the 
launch  lugs  were  placed  in  a conditioning  chamber  and  subjected  to  tem- 
peratures ranging  from  -20  to  180  F.  Bridge  output  data  were  recorded 
over  this  range  to  design  temperature  compensation  networks  for  the 
bridges.  After  the  tempera ture-compcnsating  resistors  were  installed, 
temperature  sensitivities  for  the  instrumented  launcher  and  lugs  were 
measured.  Lug  ins trumentati on  was  calibrated  using  static  loads. 

The  instrumented  launcher  assembly  was  then  checked  using  static 
loads  at  ambient  temperature.  To  accomplish  this,  the  BDU  was  suspended 
from  a loading  frame  through  the  instrumented  launcher.  Transverse  loads 
(both  vertical  and  longitudinal)  were  then  applied  by  hydraulic  actuators 
through  the  center  of  gravity  of  the  BDU.  Longitudinal  loads  were  applied 
by  an  actuator  pressing  on  the  nose  of  the  BDU.  Static  load  sensitivities 
on  three  of  the  five  instrumented  launcher  channels  were  checked.  Load 
interaction  with  the  sway  braces  precluded  resolution  of  component 
response . 

The  accelerometers  attached  to  the  metal  hardware  on  the  BDU  were 
recalibrated.  This  involved  removing  the  triaxial  accelerometers  at  the 
center  of  gravi ty  and  at  the  aft  end  and  the  uniaxial  accelerometers 
under  the  forward  and  aft  lugs  and  vibrating  them  on  a calibrated 
shaker  wer  the  frequency  range  of  20  to  2000  Hertz.  The  accelerometers 
were  then  re-installed  in  the  BDU.  Frayed  cables  were  replaced  and  all 
connectors  cleaned.  Leakage  checks  revealed  the  cables  were  acceptable. 


bl 


PROPELLANT 


Figure  47.  BDU  Instrumentation  and  Monitoring  System 


Discrepancies  had  been  observed  in  the  ac  data  measured  during 
Flights  9 and  11  on  Track  7 compared  with  Tracks  3 and  10.  Consequently, 
fidelity  of  the  channels  transmitting  high-gain  ac  data  to  Track  7 on  the 
tape  was  checked.  Signals  from  a sine  wave  generator  were  superimposed 
on  the  output  from  particular  propellant  ins trumcnts  using  \/'Z  (if  capaci- 
tance coupling.  The  signals  were  then  passed  through  normal  flight  signal 
conditioning  equipment  and  were  reviewed  using  the  ground-support  dis- 
criminators (i.e.,  output  from  voltage-controlled  oscillators).  From 
these  tests  it  was  determined  that  Track  7 was  operational.  The  source 
of  the  discrepancy  between  the  low-gain  data  on  Tracks  3 and  10  and  the 
high-gain  data  on  Track  7 was  attributed  to  noise  on  each  track  which  did 
not  correlate  to  gage  signal. 


INS TRUMENTAT I ON  PACKAGE 


A schematic  of  the  BDU  instrumentation  is  shown  in  Figure  48.  Since 
the  flight  tape  recorder  held  insufficient  tape  for  continuous  recording 
it  was  operated  intermittently  to  obtain  the  desired  data.  All  channels 
of  propellant  sensors  were  recorded  on  the  flight  recorder.  Data  from 
selected  sensors  (Table  5)  were  redundantly  recorded  on  Rocketdyne's 
ground  test  equipment  during  all  vibration  cycles.  (Locations  of  these 
instruments  are  shown  in  Figure  22.)  In  addition  to  propellant  gages, 
accelerometers  were  installed  for  definition  of  total  test  vehicle 
response. 


a ACCELEROMETERS  9 

. THERMISTORS  ~50 

♦ STATIC  PRESSURE  4 

x FORCE  TRANSDUCERS  5 
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♦ STRESS /STRAIN  GAGES  9 
f HEAT  FLUX  GAGES  13 

507-Tl 54-1 002 

Figure  48,  BDU  Instrumentation 
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TAriLK  3.  INSTRUMENTATION  RECORD 


Pin  No. 

Gage 

Gage 
Major 
Active 
Axi  & 

Adjacent 
Thermi s tor 

Axi  s 

z 

X 

i 

and 

2 

Stress  #18 

Z 

5 

■ H 
X 

X 

5 

and 

6 

Stress  #22 

z 

i 

X 

7 

and 

8 

Stress  #23 

X 

6 

X 

X 

11 

and 

12 

Stress  #20 

X 

2 

X 

16 

and 

17 

Strain  #17  (SWItI  ) 

Hoop 

15 

X 

X 

18 

and 

10 

Stra  in  #17  (Clip) 

Hoop 

15 

X 

X 

22 

and 

23 

Strain  A (Case)  (Delete  Requirement) 

Hoop 

— 

25 

and 

20 

Shear  #101  ( Sera  1 -conduc tor ) 

X 

11 

X 

27 

and 

26 

Shear  #SH-2  ( Semi -eonduc tor  ) 

z 

10 

X 

X 

29 

and 

30 

Shear  #120A 

z 

12 

X 

> 

51 

and 

32 

Shear  #120B 

X 

13 

X 

X 

55 

and 

34 

Accelerometer  (Propellant) 

Y2 

-- 

X 

X 

56 

and 

52 

Strain  #1  (lug  #1  Fwd ) 

— 

X 

Y 

57 

and 

52 

Strain  #2  (Lug  #2  Aft) 

— 

X 

X 

58 

and 

52 

Strain  #2B  (Lug  #2  Aft) 

— 

X 

X 

31 

and 

52 

Accelerometer  (eg) 

X 

— 

X 

X 

40 

and 

52 

Accelerometer  (eg)  Tri axial 

Y 

— 

X 

X 

41 

and 

52 

Accelerometer  (eg) 

Z 

— 

X 

X 

5 

and 

46 

Accelerometer  (Aft  End) 

X 

— 

X 

X 

47 

and 

48 

Accelerometer  (Aft  End)  Tnaxial 

Y 

— 

X 

X 

40 

and 

5° 

Accelerometer  (Aft  End) 

Z 



X 

X 

42 

and 

52 

Accelerometer  (lug  #1 ) 

Z 



X 

X 

'*3 

and 

52 

Accelerometer  (Lug  #2) 

Z 

— 

X 

X 

3 

and 

4 

Stress  #21 

X 

3 

*H-up 

0 

and 

10 

Stress  ! #2# 

Z 

2 

* 11-up 

14 

and 

15 

Strain  #10  (SWRI)  (Do  not  record) 

15 

20 

and 

21 

Strain  #2  (flip) 

Hoop 

15 

XQ 

X 

* 

D-up:  Recorded  but  data  not  reduced 


Temperature  output  taken  from  the  PAM  system,  decoded,  and  then  recorded  by 
Rocketdytie 

Thermi s tors : 

(a)  Adjacent  to  other  gages: 

#1,  #2,  #3,  #6,  #10,  #11,  #12,  #13,  and  #13. 

(b)  Propellant  grain  profile: 

#18,  #19,  #20,  #21,  and  #23. 

Thermocou pies : 

6 case 

Additional  temperature  outputs  recorded  by  Rocketdyne: 

Thermi s tors : 

#10  - Forward  face  of  grain 
#17  - Forward  face  of  grain 
A - Case  thermistor  ( propel lan t/case ) 

B - Case  thermistor  (propellant/case) 

D - Case  thermistor  (propel lan t/case ) 

Thermocouples : 13  total 

3 in  ta l 1 sec 1 1 on 

7 in  fore  body  section 

1 hi  electronic  package 
A locations  to  be  defined  later 
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Ground  instrumentation  tie-in  points  were  directly  on  the  output 
of  the  sensor  on  all  strain  gages  and  directly  on  the  output  of  the 
charge  amplifiers  of  crystal  accelerometers.  It  was  believed  that 
switching  transients  from  the  commutator  used  on  the  temperature  sensors 
would  make  it  advisable  to  parallel  record  from  these  units;  therefore, 
temperature  stations  recorded  on  ground-station  equipment  were  derived 
from  a decommutator  unit. 


The  connecting  instrumentation  cables  for  all  gages,  thermistors, 
and  internal  thermocouples  were  less  than  120  feet  long.  The  instrument 
take-off  point,  signal  conditioning,  and  recording  equipment  are  shown 
in  Figure  ,i(). 


figure  J)0.  Hecording  Equipment  Layout 


MDT  ENSTHUMENTAT  ION 


Alter  I light  13,  addi ti onal  thermal  and  pressure  sensors  were  added 
to  the  BDU  to  collect  store  aei cheating  data  lor  Arnold  Engineering 
Development  (enter  (AEDC).  MIX'  used  these  data  to  correlate  supersonic 
wind  tunnel  tests  of  captive  stoics  under  AEDC  Project  WiA-29A , AFATL/ 
AEDC  Store  Heating.  The  sensors,  all  located  in  the  nose  section  of  the 
BDIJ,  included  Gardon  gages  for  heat  1 lux  measurement,  thermocouples,  and 
differential  pressure  transducers  for  the  measurement  of  store  pitch  and 
yaw.  All  AEDC  instrumentation  was  input  to  the  flight  recorder  through 
the  same  commutator  used  by  the  propellant  grain  thermistors.  As  the 
flight  profiles  described  in  the  following  section  were  sufficient  for 
AEDC ' s purpose , no  changes  in  (light  tests  were  required. 
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FLIGHT  TESTING 


I 

TEST  PLANS 

At  the  start  of  Project  IAME,  six  distinct  flight  segments  for 
captive  flight  of  the  BDU  on  an  F-lll  aircraft  were  defined: 

I.  Taxi,  take-off,  and  landing 

If.  Climb  to  50,000  feet  in  9 minutes,  accelerate  from  Mach 
1.6  to  Mach  2.5  in  6 minutes  and  maintain  Mach  2.5  at 

50.000  feet  for  4 minutes  (F-111D  only) 

III.  Climb  to  35,000  feet  in  4 minutes,  accelerate  from 

Mach  0.9  to  Mach  2.0  in  5 minutes,  and  maintain  Mach 

2.0  for  S minutes 

IV.  Climb  to  35,000  feet  in  4 minutes  and  maintain  Mach 
0.S  for  30  minutes  at  35,000  feet 

V.  Fly  terrain  following  radar  (TFIt)  mission  at  500  feet 
above  ground  level  and  Mach  0.9  for  30  minutes 

VI.  Climb  to  12,000  feet  in  2 minutes,  accelerate  from  Mach 
0.7  to  Mach  1.5  in  5 minutes,  and  maintain  Mach  1.5  for 
4 minutes  (F-111D  only) 

Most  flight  tests  consolidated  two  or  more  of  these  segments  to 
maximize  the  data  collected.  Flight  endurance  was  generally  limited  by 
the  capability  of  the  flight  recorder  rather  than  aircraft  fuel  consump- 
tion. Flight  test  profiles  are  summarized  in  Table  4. 

TEST  AIRCRAFT 

The  F-lll  aircraft  was  selected  for  these  tests  for  its  high  per- 
formance characteristics  and  mission  flexibility.  All  flight  tests  con- 
ducted were,  in  fact,  typical  missions  for  this  type  aircraft.  Two  air- 
craft (one  FB-111A  and  one  F— 1111))  were  available  for  flight  tests  at 
Edwards  AFB;  however,  incompatibility  of  the  electrical  systems  of  the 
F-111D  and  the  BDIJ  restricted  all  but  three  flights  to  the  FB-11L4. 
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TABLE  A.  SUMMARY  OF  FLIGHT  TEST  PROFILES 
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Elec tri caJ  modifications  to  the  aircraft  were  necessary  to  provide 
power  and  flight-recorder  control  for  the  BDU  and  limited  the  flight  to 
this  one  FH-111A.  Since  this  aircraft  was  not  exclusively  dedicated  to 
l*ro,ject  J14ME  some  lengthy  delays  occurred  when  it  was  unavailable. 

TEST  PROCEDURES 

The  11D11  instrumentation  and  the  flight  recorder  were  checked  out 
before  and  after  the  BDU  was  loaded  onto  the  airernft.  During  the  flight, 
the  systems  operator  actuated  the  flight  recorder  according  to  a schedule 
of  events  and  recorded  pertinent  flight  conditions  (Mach  number,  alti- 
tude, ungle  of  attack,  and  total  temperature ) on  the  flight  log.  Depend- 
ing on  the  event,  the  flight  recorder  was  used  either  in  1'5-second  in- 
tervals or  run  continuously  (as  during  acceleration  to  supersonic  flight) 
to  gather  rapidly  changing  data.  Selected  events  recorded  on  the  tape 
were  reduced  to  produce  oscillographs  and  digitized  data.  All  data  were 
reduced  in-house  at,  the  AFRPL,  and  the  processed  data  were  forwarded  t.n 
Rocketdyno  for  analysis. 

FLIGHT  MIA  ACQUISITION  BHOBl.fMS 

Difficulties  in  either  the  BDU  or  the  aircraft  were  encountered  in 
10  of  the  JO  flight  tests  conducted.  On  five  of  these  flights  (b,  7 , M, 
12,  15)  no  data  were  recorded  because  of  lack  of  power  to  the  tape  re- 
corder. Only  limited  data  were  obtained  on  Flights  1,  2,  , and  5 >e- 
cause  of  bad  gage  connections  and/or  intermittent  function  of  the  tape 
recorder.  Flight  17  was  uborted  in  flight  due  to  an  aircraft  malfunction. 

The  most  critical  area  in  data  acquisition  was  the  flight  recorder. 

A maximum  of  15  minutes  recording  time  limited  the  number  and  duration 
of  events  recorded  for  each  flight.  As  the  recorder  was  inaccessible 
from  the  cockpit,  no  in-flight  maintenance  could  be  performed  if  the  re- 
corder malfunctioned  or  the  tape  supply  was  exhausted. 
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INTERNAL  INSTRUMENTATION  RESPONSE 


Individual  flights  are  described  and  data  obtained  are  summarized 
on  the  following  pages. 

FLIGHT  1 - 20  SEPTEMBER  1972 

Tlie  first  BU!  test  flight  consisted  of:  take-off,  climb  to  35,000 

feet,  and  cruise  at  Mach  0.71  for  30  minutes.  Flight  conditions  are  sum- 
marized in  Table  3.  Temperature  data  are  shown  in  Figure  50.  Case/liner 
interface  (CLI ) temperature  fell  from  an  initial  100  F at  take-off  to 
3 E during  cruise.  Figures  51  through  53  show  combined  thermal  and  pres- 
sure (due  to  altitude)  change  induced  responses  ' rom  the  normal  stress, 
bore  strain,  and  shear  stress  sensors,  respectively.  Normal  stress 
changes  between  10  (N-24)  and  24  psi  (N-20 ) were  obtained  and  a 1J&  change 
in  bore  hoop  strain  was  measured  by  Clip  (iage  DB-2 . Only  data  from 
Shear  Gage  Sll-2  appeared  rational,  resulting  in  the  plot  shown  in 
Figure  53. 

No  dynamic  data  were  measured  during  this  first  test  flight. 


TABLE  5.  FLIGHT  1 CONDITIONS 


S tar  ti  ng 
Ti  me 

Time  Lapse, 
min 

Alti  tude, 
ft 

Mach 
No . 

Flight 

Segment 

3:W:  15 

0 

2,300 

0 

I 

3:20: 10 

10:35 

2 , 300 

0 

I 

3:23:40 

14:25 

2,300 

0.21 

IV 

3:41:35 

32:20 

35,000 

0.71 

3:50:35 

47:20 

35,000 

0.71 

1 

r 

4:11:35 

62.20 

35 , 000 

0.71 

IV 

4:27:41 

7H : 26 

3 , 000 

0.20 

1 

* 
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FLIGHT  2-11  DECEMBER  1972 


T 


I 

Flight  2 was  designed  to  measure  dynamic  stresses  and  strains  associ- 
ated with  Mach  0.7  flight  at  low  altitude  (1800  feet)  and  to  confirm  the 
temperature  data  of  Flight.  1.  Table  (>  summarizes  the  flight  conditions. 


TABLE  6.  FLIGHT  2 CONDITIONS 


Starting 

Time  Lapse, 

A1 ti tude , 

Mach 

Fli 

ght 

Time 

mi  n 

ft 

No . 

Segment 

14  = 03:35 

0 

mm 

0 

1 

14:13:30 

9:55 

BBS 

0.2 

I 

14:20:40 

17:05 

4,300 

0.7 

Speci al 

l'i:24:40 

21:05 

4,300 

0.7 

Low  Al t 
Cruise 

14:35:30 

31:55 

35,000 

0.7 

IV 

1 14:50:30 

46:55 

35 , 000 

0.7 

14:51:30 

47:55 

35,000 

o.7 

14:52:10 

48;  35 

35,000 

0.7 

I 

V 

5:10:35 

67:00 

3,200 

0.2 

1 

Data  from  the  various  thermistors  are  plotted  in  Figure  54 . From 
an  initial  temperature  of  40  F the  CL1  temperature  climbed  to  bO  F during 
the  low-altitude  portion  of  the  flight,  presumably  due  to  aeroheating 
effects.  After  the  low-altitude  run  the  1-111  climbed  rapidly  to  35,000 
feet  and  flew  at  Mach  0.7  for  13  minutes.  The  CL1  temperature  dropped 
rapidly  from  bO  to  -20  F at  the  soart  of  the  33,000-loot  flight,  and  had 
fallen  to  -30  F after  15  minutes  flight  at  this  altitude.  The  CL1  tem- 
perature rose  during  the  final  phase  of  the  flight  so  that  it  had 
attained  25  1 by  the  time  the  plane  was  landing. 

Outside  air  temperature  measured  by  the  aircraft  instrumentation 
was  9 C (48  !•’)  at  the  start  of  the  flight,  20  to  23  C (bH  to  77  F)  during 


Temperature , 


Flight  Time,  ram 


Figure  r>\  . BDU  Temperature  History,  Test. Flight 
(Hevised  Thennistor  Cal ihrations  ) 


the  low-altitude  run,  anti  -35  C (-31  F)  at  35>000  feet.  These  tempera- 
tures are  very  similar  to  those  measured  by  thermistors  in  the  BDU. 

Figures  53  through  57  show  the  combined  thermal  and  pressure-induced 
stresses  and  strains  vs  time  of  flight.  These  figures  show  that  thermal 
stresses  and  strains  are  similar  to  those  measured  on  Flight  1.  The  max- 
imum thermal  stress  value  was  obtained  at  35 , 000  feet  after  15  minutes 
flight.  Normal  stress  changes  ranged  from  6 to  1(>  psi  at  the  end  of 
the  35,000-foot  flight  compared  with  10  to  22  psi  for  the  first  flight. 
The  differences  in  thermal  stress  values  between  the  two  flights  can  he 
accounted  for  by  the  different  temperature  histories  of  the  grain  in 
these  two  flights.  Thermal  shear  stress  values  for  the  two  flights  are 
also  similar  at  about  3 to  0 psi  throughout  the  flight. 

No  dynamic  data  were  obtained. 

The  BIX1  grain  was  subjected  to  a lower  ambient  air  pressure  with 
increasing  altitude.  The  value  of  this  decrease  in  pressure,  or  hydro- 
static tensile  stress,  as  measured  by  the  embedded  normal  stress  sensors 
was  approximately  10.2  psi  when  die  aircraft  climbed  from  2500  to  35,000 
feet . 

FLIGHTS  3,  4,  AND  5 - 30  I AVI  VUV,  1G  ITTIRGAHY,  AND  10  MAltCH  1073 

Flights  3,  4,  and  5 were  intended  to  have  the  same  flight  profile, 
i.e.,  take-off,  climb  to  31,000  feet,  approximately  30  minutes  flight  at 
Mach  0.7  at  31,000  feet,  then  accelerate  to  Mach  2 (while  climbing  to 
35,000  feet)  and  hold  for  5 minutes,  then  descend  to  50O  feet  above 
ground  and  a terrain-following  radar  (flit)  mission  at  Much  0.05,  followed 
by  landing. 


A 


A 


4 


During  Flight  3,  however,  an  engine  stall  when  accelerating  t<  Mach 
2 led  to  considerable  buffeting.  No  temperature  data  were  obtained  on 
Flight  4 due  to  an  equipment  malfunction  so  that  the  gage  data  could  not 
be  analyzed  properly.  On  Flight  5,  the  dc  data  from  Track  10  (normal 
stress  gage  data)  were  not  recorded  because  of  an  error  in  wiring.  Con- 
ditions for  Flights  3 and  5 are  given  in  Tables  7 and  8,  respectively. 


TABLE  7.  FLIGHT  3 CONDITIONS 


TABLE  8.  FLIGHT  5 CONDITIONS 
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Temperature  profiles  from  Flights  3 and  5 are  presented  in  Figures 
5H  and  59.  Higher  temperatures  were  recorded  at  the  end  of  the  Mach  2 
flight  during  Flight  3>  presumably  because  of  the  extended  acceleration 
period  caused  by  the  compressor  stall.  However,  both  sets  of  tempera- 
ture data  appear  rational  and  consistent. 

Thermal-  and  pressure-change-induced  normal  and  shear  stresses 
measured  during  Flight  3 are  plotted  in  Figures  60  and  61.  These  data 
show  an  increase  in  stress  magnitude  as  the  grain  cooled  in  the  Mach 
0.7,  31.000-foot  Condition.  An  increase  due  to  aeroheat  during  Mach  2, 
dash  is  noted.  Most  of  the  gages  showed  peak  stress  changes  from  8 to 
30  psi  tension. 

The  normal  stress  gage  in  the  middle  of  the  grain  (N-23)  did  not 
increase  in  stress  during  the  aeroheat  test.  An  examination  of  the 
problem  later  in  the  program  disclosed  that  the  output  signal  from 
Gage  N-23  "bottomed"  against  the  limits  of  the  amplifier  inputs  (+  50 
millivolts)  during  the  flight  tests  so  that  the  increase  in  stresses 
during  the  latter  portions  of  the  flight  were  not  measured.  Farly 
flight  test  data  from  Gage  N-23  are,  therefore,  incorrect. 

Flight  3 shear  stress  data,  Figure  61,  showed  peak  shear  stresses 
of  12  psi  from  Gage  SH-2  under  the  Mach  2 aeroheat  conditions.  The 
change  in  shear  stress  during  flight  was  approximately  4 psi  compared 
to  3 psi  measured  during  Flight  5 (Figure  62).  Absolute  sheur  stress 
values  for  Flight  5 were  lower  than  those  measured  during  Flight  3. 

No  data  were  obtained  from  the  bore  clip  gages  during  these  flights 
because  of  poor  or  broken  connections. 
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Flight  Time,  min 


Figure  58.  Flight  3,  Measured  Temperatures 


Figure  62.  Flight  5,  Thermal  Shear  Stress 


FLIGHTS  6,  7,  AND  8 - 2>»  MAY,  15  JUNE,  AND  18  JUNE  1973 

No  data  were  obtained  from  Flights  6,  7,  and  8 because  of  problems 
with  the  tape  recorder  or  loss  of  power  to  the  instruments. 

FLIGHT  9-22  JUNE  1973 

Flight  9 was  comprised  of  a cruise  at  29,000  feet,  Mach  2 dash  at 
35,000  feet,  and  a TFR  mission  as  shown  in  Table  9. 
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TABLE  9-  FLIGHT  9 CONDITIONS 


I 


4 


Starting 

Time 

Time  Lapse, 
min 

Altitude, 

ft 

Mach 

No. 

P . 
atm 

Flight 

Segment 

12:52:40 

0 

2,300 

0 

13 

5 

I 

13:28:04 

35:24 

29,000 

0. 

8 

4 

2 

IV 

13:36:00 

43:20 

35,000 

2. 

02 

1 

6 

III 

13:37:00 

44:20 

13:38:00 

45:20 

13:39:00 

46:20 

13:40:00 

47:20 

13:41:00 

48:20 

- 

- 

- 

- 

' 

13:42:00 

49:20 

19,000 

0. 

8 

6 

4 

II 

I 

13:45:45 

53:05 

2, 

700 

0. 

95 

10 

0 

V 

14:01:40 

69:0 

2, 

© 

© 

0 

13 

5 

I 

Figure  63  shows  the  temperatures  measured  during  Flight  9-  The 
data  appear  rational  with  minimum  temperatures  of  30  F and  maximum  of 
170  F occurring  after  the  29,000-foot  cruise  and  after  the  Mach  2 dash, 
respectively.  A high  Case/Liner  Interface  (CL1 ) temperature  of  145  F 
was  recorded  during  the  low-altitude  Mach  0.95  TFR  mission. 

Normal  stresses  measured  during  Flight  9 are  shown  in  Figure  64  and 
are  similar  to  earlier  flight  data.  The  N-23  data  were  still  incorrect 
because  of  overloading  of  the  _+  50  millivolt  amplifier  output. 

Bore  hoop  and  axial  strain  data,  shown  in  Figure  65,  are  also  sim- 
ilar to  earlier  flight  test  data. 

Shear  stress  data  from  three  shear  sensors  were  monitored  during 
Flight  9,  yielding  the  data  shown  in  Figure  66.  Data  from  SII-2  and 
SH-I20II  are  very  similar;  whereas  data  from  SH-101  shows  a similar  trend 
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re , deg 


Flight  Time,  min 


Figure  64.  Normal  Stress  Data  for  Flight  9 


Figure  65.  Revised  Bore  Strain  Data  for  Flight  9 


90 


Flight  Time,  min 


Figure  66.  Shear  Stress  Data  for  Flight  9 


Peak  Acceleration  (Axial), 


but  a different  range  of  magnitudes.  Since  SH-101  and  SH-2  are  both 
located  at  the  front  of  the  grain,  their  shear  stress-flight  time  pro- 
files should  be  very  similar.  The  differences  between  them  are  probably 
attributable  to  errors  in  data  from  SH-101. 

The  only  dynamic  stress  data  from  Flight  9 that  appear  reasonable 
are  the  CEC  axial  accelerometer  data  (Figure  67),  which  indicate  very 
low  acceleration  levels  (0.1  to  0.45  g)  with  the  maximum  value  occurring 
during  the  TFR  phase  of  the  flight.  The  "median"  levels  are  attempts 
at  defining  the  mean  levels  during  the  phases  of  the  flight  as  opposed 
to  the  maximum  values,  which  were  recorded  only  infrequently  during  the 
flights . 
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FLIGHT  10  - 12  JULY  1973 


4 

Flight  10  followed  a different  flight  plan  than  all  other  test 
flights.  After  take-off  the  F— 111  performed  a supersonic  low-level  dash 
ending  in  a right  turn,  climbed  to  30,000  feet,  and  performed  a right 
roll,  finishing  at  14,000  feet.  After  climbing  again  to  30,000  feet  » he 
aircraft  performed  a left  roll  thut  was  completed  at  8,000  feet.  It  then 
performed  a landing  attempt  followed  by  the  real  landing  anti  roll  out. 
These  flight  conditions  are  summarized  in  Table  10. 


TABUS  10.  FLIGHT  10  CONDITIONS 


Temperature,  stress,  and  strain  data  from  Flight  10  are  presented 
in  Figures  08  through  72.  Temperature  data  show  that  high  CL1  tempera- 
tures of  160  F were  obtained  during  the  short  supersonic  dash. 

I I 
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Peak  Acceleration  ( g) 


Condi tion 


Figure  72.  Flight  10,  Peak  Axial  Accelerometer  Values 
vs  Flight  Time 


The  axial  bore  strain  (BB-l)  showed  virtually  no  change  during  the 
flight;  while  the  bore  hoop  strain  (BB-2)  varied  from  0 to  3^  throughout 
the  flight  (Figure  71).  Only  small  dynamic  vibrational  levels,  ~ 0.5  g 
maximum,  were  measured  during  flight  as  shown  in  Figure  72. 

FLIGHT  11-27  TULY  1973 

Flight  11  duplicated  Flights  3,  3,  and  9 with  the  sequence  of  take- 
off, climb  to  30,000  feet,  accelerate  to  Mach  2 at  35,000  feet,  a TFR 
mission  at  500  feet  above  ground  level  followed  by  landing.  These  flight 
conditions  are  given  in  Table  11. 

TABLE  11.  FLIGHT  11  CONDITIONS 


Starting 

Time 

Time  Lapse, 
min 

Alti tude, 
ft 

Mach 

No. 

Flight 

Segment 

11:52:00 

0 

2,300 

0 

I 

12:23:04 

30,000 

0.8 

IV 

12:23:21 

30,000 

1.1 

IV 

12:25:00 

33:00 

30,000 

1.15 

IV 

12:32:01 

40:01 

35,000 

2.0 

III 

12:30:01 

43:01 

2.0 

III 

12:37:14 

45: 14 

35,000 

0.95 

111 

12:41:35 

49:35 

2,950 

0.95 

V 

12:42:35 

50:35 

2,950 

0.95 

V 

12:56:30 

64 : 30 

2,300 

0 

I 

Data  from  Flight  11,  given  in  Figures  73  through  77,  are  similar  to 
those  obtained  in  Flights  9 and  11.  Higher  CLi  temperatures  (up  to  180  F) 
were  measured  during  Flight  11  at  the  end  of  the  Mach  2 flight;  170  F was 
obtained  on  Flight  Q.  Similar  CLI  temperatures  were  obtained  during  the 
TFR  phase  (143  F for  Flight  9,  140  F for  Flight  ll).  The  dc  normal 
stresses  show  very  similar  trends  as  may  be  observed  in  Figures  64  and  74. 
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Flight  11  shear  gage  data  for  some  conditions  were  unreadable  no- 
cause of  tape  recorder  problems  so  that  a clear  comparison  with  data 
from  Flight  9 is  difficult.  Strain  gage  data  from  Flights  9 and  11 
(Figures  65  and  7<>)  are  similar,  with  Flight  11  strains  being  slightly 
higher. 

Axial  accelerometer  data  for  Flights  9 and  11  (Figures  67  and  77) 
show  that  the  Mach  2 portion  of  Flight  11  was  slightly  rougher  than  that 
of  Flight  9 although  similar  low  g levels  were  observed  (().(»  and  0.45  g, 
respectively).  Accelerometer  data  for  Flight  11,  were  not  obtained  be- 
cause of  problems  with  the  tape  recorder. 

FLIGHTS  12  AND  13  - 24  AND  25  SEITEMHKR  1973 

No  data  were  measured  during  Flights  12  and  13. 

FLIGHT  14  - 18  JULY  1974 

Conditions  for  Flight  14  are  given  i Table  12  where  it  will  he 
noted  that  they  are  similar  to  those  of  Flights  9 and  11.  However,  n 
shorter  cruise  at  30,000  feet,  was  flown  and  the  Mach  2 dash  was  per- 
formed at  40,000  feet.  Hip  TUI  phase  was  performed  at  Mach  0.95  at  500 
feet  above  ground  level. 


TABLE  12.  FLIGHT  14  CONDITIONS 


Star  ti  rig 
Time 

Time  I-'tpse, 
min 

A1 ti tude , 
ft 

Mach 

No. 

Flight 

Segment 

01:45 

0 

2 , 300 

0 

1 

20:  15 

24 : 30 

30,000 

0.8 

IV 

29 : 00 

27:15 

30,000 

1.10 

IV 

35:31 

40,000 

2 . 02 

111 

40,000 

2.02 

1 1 I 

1 

2,800 

0.95 

V 

98:40 

I 

2,300 

0 

I 

>3 


Measured  flight  data  are  shown  on  figures  78  through  Hi.  The 
shorter  soak  time  at  30,000  feet  produced  a ('Ll  temperature  of  29  i; 
while  the  supersonic  dash  at  Ml.000  feet  produced  only  a 129  I maximum 
CL1  temperature.  In  fact,  the  Mach  0.91  TFR  flight  developed  equally 
high  temperatures  in  this  flight. 

The  lower  temperatures  produced  correspondingly  smaller  thermal 
stresses  (Figure  79  and  80)  and  thermal  hore  strains  (figure  HI),  A 
large  amount  of  noise  on  the  tape  invalidated  the  dynamic  data  on  this 
flight. 

Although  peak  stress  change  values  of  1H  psi  were  obtained  under 
aeroheat  conditions  during  Mach  2 flight,  these  values  were  obtained 
for  a short  time  only.  The  hoop  strain  at  the  bore  increased  by  only 
2^  under  aeroheat  conditions. 

FLIGHT  19  - AUGUST  197'i 

Flight  19  hud  the  objective  of  determining  environmental  loads 
during  prolonged  flight  at  39.900  feet.  After  take-off,  the  FB— 111  flew 
at  7900  feet  at  Mach  0.H9  for  20  minutes.  It.  then  climbed  to  39,000  feet 
and  flew  for  2 hours  til.  Mach  0.7  before  landing, 
summarized  in  Table  13. 
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Hntn  from  Flight  15  are  given  in  Figures  82  through  85.  The  (.'II 
thermistor  ilata  in  Figure  82  is  suspect.  It  appears  that  the  thermistor 
output  signals  equalled  the  amplifier  input  maximum  at  about  bO  minutes 
into  the  flight  so  that  the  real  maximum  01. 1 temperatures  were  not 
measured.  A lower  limit  of  approximately  -30  F,  us  in  Flight  2,  should 
probably  have  been  measured.  As  expected,  a prolonged  flight  at  35,000 
feet  produced  the  most  significant  thermal  stresses  anil  strains  in  the 
grain.  A maximum  de  thermal/pressure-change-induced  stress  change  of 
23  ps  i was  mcusured  at.  the  end  of  the  2-hour  flight..  The  bore  hoop 
strain  change  reached  a peak  value  of  k’fc  at  the  end  of  the  2-hour  flight. 

FLIGHT  16  - 22  AHtIL  1973 

New  bore  thermistors  and  a pressure  gage  to  measure  atmospheric 
pressures  were  installed  prior  to  Flight  16. 

Oscillograph  records  from  Flight  16  were  played  back  through  625- 
Hertz  filters  to  reduce  the  level  of  the  high-frequency  noise  in  the 
signal.  Kxaraiuat ion  of  the  traces  revealed  a negligible  dynamic  signal. 
Only  under  TFH  conditions  was  any  measurable  dynamic  data  recorded. 

These  duLa  consisted  of  small  300-llertz  oscillations,  some  low-frequency 
(18  to  20  Hertz)  oscillations,  and  considerable  1100-llertz  noise. 

Flight  16  was  comprised  of  a Mach  0.9  cruise  ut  30,000  feet  followed 
by  a Mach  2 dash  at  (*0,000  feet  and  u TFH  flight  at  500  feet  above  ground 
level.  Flight  conditions  are  summarized  in  Table  14. 

Figure  86  shows  temperatures  measured  during  Flight  16.  They  are 
similar  to  those  measured  during  earlier  flights  although  the  new  ther- 
mistor calibration  made  the  data  more  consistent.  The  CL1  thermistors 
recorded  a minimum  temperature  of  12  to  15  F and  a maximum  temperature  of 
117  F during  the  Mach  2 dash. 
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Figure  82.  Flight  15  Temperature  Data 
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Figure  83.  Flight  13  dc  Norma J Stress  Data 
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Figure  H5.  Bore  Strain  Data  for  Flight  l1) 


113 


TABLE  14.  FLIGHT  l(>  CONDITIONS 


Starting 

Time 

Time  Lapse, 
min 

A1 ti tude, 
ft 

Mach 
No . 

Flight 

Segment 

17:02:30 

0 

2,300 

0 

I 

17:03:00 

0 

2,300 

0 

I 

17:16:30 

1 

30,000 

0.9 

IV 

17:26:30 

30,000 

0.9 

IV 

17:31:30 

28:30 

30,000 

0.9 

IV 

17:36:30 

35:30 

40,000 

2 . 03 

111 

17:40:30 

37:30 

40.0(H) 

2 . 00 

111 

17:42:40 

39:40 

30,000 

0.95 

III 

17:46:30 

43:30 

3,400 

0.95 

V 

17:49:30 

46:30 

3,600 

0.945 

V 

X 

o 

ift- 

N"* 

61:10 

2,300 

0 

I 

18:08:40 

65:40 

2,300 

0 

I 

19:17:15 

74:15 

2,300 

0 

I 
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Atmospheric  pressure  gage  data  are  shown  on  Figure  87.  At  ground 
level  that  gage  initially  showed  a value  of  1 . 0t>  psi  , which  dropped  to 
-7-1  psi  at.  30,000  feet  and  to  -10  psi  at  40, 000  feet.  These  data  are 
similar  but  not  identical  to  expected  pressures  at  altitude,  i.e.,  13.17 
psi  at  3,300  feet,  4.45  psi  at  30,000  feet,  and  2.78  psi  at  40,000  feet. 
Measured  changes  from  flight  initiation  correspond  to  pressures  of  4 . OH 
and  2.10  psi  at  30,000  and  40,000  feet,  respectively,  assuming  that 
ground  level  pressure  is  13.3  psi. 

Normal  stress  gage  data,  presented  in  Figure  H8,  suggest  that  the 
estimated  zero  stress  curve  for  Gage  N-lH  needed  revision.  However,  the 
zero  stress  curve  could  not  he  revised  until  better  data  were  obtained 
from  Gage  N-23,  also  located  at  the  middle  of  the  grain.  With  that 
exception,  date  from  the  normal  stress  gages  appear  satisfactory  and 
similar  to  those  measured  on  earlier  similar  flights. 

The  pressure  gage  data  enable  the  hydrostatic  pressure  component 
to  be  subtracted  from  the  total  normal  gage  stresses  leaving  the  thermally 
induced  normal  stresses  as  plotted  in  Figure  89 • The  thermal  stress 
changes  are  comparatively  small,  generally  about  3 psi  maximum,  with  the 
exception  of  that  of  N-18,  which  is  probably  too  large  (because  of  the 
poor  zero  curve).  This  plot  demonstrated  even  more  dramatically  that  a 
problem  existed  with  data  from  Gage  N-23. 

Only  shear  stress  Gage  S11-120B  was  working  properly  during  this 
flight,  providing  the  data  shown  in  Figure  90,  which  are  again  similar 
to  those  measured  in  earlier  flights.  The  bore  hoop  and  axial  strain 
measured  during  the  flight  are  shown  in  Figure  91. 

No  dynamic  data  are  presented.  Although  dynamic  signals  were 
observed,  the  amplitudes  could  not  lie  established  with  certainty  because 
of  the  large  amount  of  noise  recorded  on  the  traces. 
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Figure  88.  Total  Normal  Stress  Data  from  Flight  lh 
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Figure  S9.  Thermal  Stress  Data  from  Flight  16 
(Total  dc  Stress  Minus  Atmospheric 
Pressures ) 
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Figure  90.  Shear  Stress  Data  from  Flight  lf> 
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PLIGHT  17  - 16  JULY  1975 


Flight  17  was  to  have  been  similar  to  many  earlier  flights — take-off 
and  subsonic  cruise  to  JO, 0(H)  feet  at  Mach  0.7  followed  by  acceleration 
to  Macli  2.0.  The  mission  was,  however,  aborted  a<  Mach  1.67  when  fuel 
problems  caused  an  aft  center-of-gravi ty  imbalance.  Consequent ly,  there 
were  no  high  temperatures  during  the  flight  and  no  Till  mission.  Flight 
conditions  are  summarized  in  Table  15. 

TABLE  15.  FLIGHT  17  CONDITIONS 


Starting 

Time 

Elapsed  Time, 
mi  n 

A1  ti  tutle , 
ft 

Mach 
No . 

FI  ight, 
Segmen  t 

13:59:10 

0 

2 , 300 

0 

1 

13: 59:  Ml 

20:30 

30,000 

0.71 

IV 

14 : 45: 45 

66:35 

30 , 000 

0.69 

IV 

14:57:00 

77:50 

30,000 

0. 685 

I] 

I 

14:57:45 

78:  35 

30,000 

1 . 09 

15:00:00 

80:  50 

30,000 

1.55 

15:00:45 

81:35 

30,000 

1.6? 

15:02:00 

82:50 

30,000 

0.95 

- 

15:03:30 

84 : 20 

30,000 

0.95 

Ill 

15:17:50 

98:40 

2,300 

1 

15:25:30 

106:20 

2,300 

...; 

I 

The  problem  with  normal  stress  Sensor  N-23  was  traced  to  the  output 
signal  being  greater  than  the  50-millivolt  amplifier  limits  during 
certain  phases  of  the  flights.  For  Flight  17  und  ull  subsequent  flights 
the  amplifier  gain  was  reduced  allowing  a _+  100-millivolt  signal  from 
Gage  N-23. 
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Figure  02  shows  measured  temperatures  from  Flight  17-  The  period 
of  subsonic  cruise  (~  78  minutes)  jiroduced  low  Cl. I temperatures  «n  the 
order  of  20  F.  However,  a maximum  ('l  l temperature  of  only  112  F was 
measured  before  the  flight  was  aborted  at.  Mach  1.07.  These  temperature 
data  were  not.  as  consistent  as  those  usually  obtained  from  the  AFRPL 
computer  reduction.  However,  it  is  unlikely  that  they  introduced  large 
errors  into  the  measured  stresses  and  strains. 

Data  obtained  from  the  atmospheric  pressure  gage  are  presented  in 
Figure  93;  and,  as  in  Flight.  I<>,  the  pressure  gage  operated  properly; 
but  the  measuromen I of  ->.22  psi  after  20.3  minutes  of  flight  at  >0  000 
feet  suggests  that  the  grain  was  lint  vented  to  atmospheric  pressure  and 
that  the  internal  pressure  was  reduced  slowl\  by  leakage.  Hie  minimum 
pressure  at  30,000  feet  was  -10.28  psi,  u change  of  -8.9  psi  from  ground 
level  (compared  with  a change  of  -8.10  psi  in  Flight  10).  Ihe  grain  was 
vented  to  atmosphere  in  the  remaining  flights. 

Total  normal  stress  gage  data  are  presented  in  Figure  Ok . ((luge 
N-23  provided  good  data  during  Flight  17,  recording  n high  peak  stress 
of  k 1 psi.)  The  thermal  stress  component  of  this  total  normal  stress 
is  shown  in  Figure  93. 

Both  S1I-120A  and  SII-120B  shear  gages  were  working  during  Flight  17 
and  yielded  the  data  shown  in  Figure  96.  Botli  gages  show  similar  trends 
in  that  Ihi'  shear  stress  drops  uni  tally  then  climbs  during  the  subsonic 
cruise  and  subsequent  acceleration  Lo  Mach  1.07.  these  data  are  similar 
to  those  measured  during  Might  10. 

The  hoie  hoop  and  axiai  strain  data  (Figure  97)  are  also  similar  to 
data  measured  during  flight  Hi. 
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Figure  93.  Atmospheric  Pressure  Guge  Data  for  Flight  17 
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Figure  97-  Bore  Strains  vs  Flight  Time,  Flight  17 
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Dynamic  data  measured  during  Flight  17  were  of  low  magnitude. 
Peak-to-peak  stresses  on  the  order  of  1 psi  were  measured  from  the 
high  -gain  Track  7 signals  (similar  to  those  noted  during  Flight  lb). 

A beat  was  noted  in  the  dynamic  data;  frequency  was  on  the  order  of 
205  Hertz. 

FLIGHT  18-25  JULY  1975 

Flight  18  was  comprised  of  a subsonic  cruise  ut  30.000  feet  followed 
by  a Mach  2 dash  at  40,000  feet.  Flight  conditions  are  presented  in 
Table  lb.  Temperatures  were  determined  from  manual  reduction  of  oscillo- 
graph records. 


TABLE  1(>.  FLIGHT  18  CONDITIONS 


Star ti ng 
Time 

Time  Lapse, 
mi  n 

Alti tude, 
ft 

Mach 

No. 

Fligh t 
Segmen t 

14:43:00 

0 

0 

1 

15:03:30 

20:30 

0.7 

IV 

15:48:30 

65 : 30 

I M 

0-7 

IV 

15:50:25 

67:25 

30,000 

1.01 

11 

1 

15:56:10 

73:10 

40,000 

2.0 

1 

15:59:30 

76:30 

40,000 

2.  0 

1 

r 

16:02:45 

79:45 

30,000 

0 . 90 

III 

16:16:55 

93:55 

2,300 

0 

1 

16:25:45 

102:45 

2,300 

0 

I 

Figure  9H  shows  measured  temperature  data  from  Flight  18.  The  data 
are  as  consistent  as  data  from  earlier  flights.  CL1  temperature  fell  to 
about  10  F during  the  subsonic  cruise  phase  and  reached  a maximum  of 
1 38  F during  acceleration  to  Mach  2. 


130 


Figure  99  shows  the  atmospheric  pressures  recorded  during  the  flight 
The  data  are  similar  to  that  measured  during  Flights  I(>  and  17.  Pressure 
dropped  from  an  initial  level  of  -1.6  psi  to  -10.75  psi  at  % 0,000  feet. 

Normal  stress  gage  data  are  shown  in  Figure  100.  Thermal  normal 
stress  data  presented  in  Figure  101  were  obtained  by  subtracting  measured 
atmospheric  pressure  from  the  total  normal  stress.  The  thermal  stress 
data  again  show  a drop  from  take-off  to  the  first  measured  data  at  20. 9 
minutes  into  subsonic  cruise. 

Shear  data  from  Gage«-  S||-12<iA  anil  - 12011  are  shown  in  figure  102. 

Hole  strain  data  are  shown  in  Figure  107. 

Itynami c stress  data  measured  during  Flight  IK  are  presented  in 
Table  17.  Stress  values  were  very  low,  with  maximum  levels  measured 
from  the  high-grain  ac  Track  7 records  Virtually  no  dynamic  signals 
were  evident  on  the  dc  (Tracks  1 and  10)  records  except  for  occasional 
high-frequency  noise. 


Shf»ai  Stri*** 


Figure  K<3.  llore  Strains  Moasureil  During  !•  light  18 


H7 


t 


lABLi.  17.  DYNAMIC  TEST  UAU  FHOM  ILIGH1  In 

W 


I 


(~  150  F)  during  the  supersonic  dash.  In  addition,  the  44-minute  sub- 
sonic flight  at  30,000  feet  produced  low  case  temperatures  of  ~ 10  1'. 

TABLE  18.  FLIGHT  19  CONDITIONS 


Star ti ng 
Time 

Time  Lapse*, 
mi  n 

A1 ti tude , 
ft 

Mach 
No . 

Flight 
Segmen  t 

13:24:00 

0 

2,300 

0 

I 

13:45:20 

21:20 

7,000 

0.865^1 

Special 

13:56:00 

32 : 00 

7,000 

0.87  J 

Tes  t 

14:05:00 

4 1 : 00 

30,000 

1.0 

1 I I 

14: 11:00 

47:00 

40,000 

2.0 

III 

14:15:30 

51:30 

40,000 

2.0 

III 

14:15:45 

41,000 

1.8 

111 

14:20:00 

30,000 

0.7 

IV 

15:05:00 

101:00 

30,000 

0.7 

IV 

15:28:20 

124:20 

2,300 

— 

1 

15:36:45 

132:45 

2 , 300 

1 

Measured  temperatures  from  Flight  19  are  presented  in  Figure  104. 
These  data  were  obtained  by  manual  analysis  of  oscillograph  records  of 
the  PAM  data.  The  atmospheric'  pressure  data  are  presented  in  Figure  105. 

Figure  1 0<»  shows  combined  thermal  and  altitude-induced  normul 
stresses  measured  during  Flight  19-  Because  the  supersonic  dash  preceded 
the  subsonic  cruise,  the  total  stresses  developed  1 11  the  grain  were-  lower 
than  those  in  previous  flights.  This  is  even  more  apparent  in  Figure  107. 
All  gages  showed  comparatively  small  thermal  stress  changes  during  the 
flight. 

Figure  108  shows  shear  data  from  Gages  SH-120A  and  -120B.  Bore 
strain  duta  are  shown  in  Figure  109.  No  dynamic  stresses  were  obtained. 
Maximum  hoop  strains  on  the  order  of  2Jf  were  developed  during  the 
flight. 
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FLIGHT  20  - 4 AUGUST  1973 


Flight  20  returned  to  a more  typical  format.  After  take-off  the 
aircraft  climbed  to  10,000  feet  over  a period  of  21  minutes  then  cruised 
at  Mach  0.7  for  another  'll  minutes.  It  then  accelerated  to  Mach  2 while 
climbing  to  AO, 000  feet  and  maintained  the  supersonic  dash  for  1 minutes 
Following  that,  it  performed  a 2-g  turn  and  descended  to  >0,000  feet 
while  decelerating  to  Mach  0.91.  It  landed  14  minutes  later  for  a total 
flight  time  of  100  minutes.  These  conditions  are  summarized  in  Table  19 

TABLE  19.  FLIGHT  20  CONDITIONS 


S tarti ng 
Time 

Time  lapse, 

A 1 ti  tude , 
ft 

Mach 

N°  ’ 

FI  iglit 
Segmen  t. 

13:01:10 

0 

2.300 

0 

i 

13:27:00 

23:30 

30,000 

0.7 

IV 

1A : 10; 00 

08:30 

30, 000 

0.7 

IV 

1A: 1 A : 00 

72:30 

30.000 

0.91 

r 1 1 

i 14:17.00 

73:30 

30.000 

1.3 

j 1A: 19: 13 

77:43 

40,000 

2.0 

14:24:20 

82: 30 

40.000 

2.02 

, 

14:28:13 

86 ; 4 3 

30,000 

0.93 

in 

14:41:33 

100:25 

2,300 

0 

1 

14:30:00 

108:30 

2,300 

i 

1 J 

The  temperature  data  contain  scatter  because  oT  noise  in  the  PAM 
signals.  ('Ll  temperatures  ranged  from  a maximum  of  1A0  F to  a minimum 
of  H F.  Figure  110  shows  temperatures  measured  dining  F’liglil  20. 

A tmospheri  c pressures  are  shown  in  Figure  111.  It  appears  that,  the  afl 
eml  of  the  BDC  was  sealed  so  that  excess  gas  pressure  was  relieved  slowly 
through  leaks  in  the  system. 
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Figm<*  110.  I- light  20,  'l(>m|n‘rature»  vs  Flight  Time 
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Figure  112  shows  the  total  normal  stresses  measured  during  the 
flight. 

Figure  I l"5  presents  thermal  normal  stresses  recorded  during  Flight 
20.  These  data  show  an  increase  m thermal  stress  during  the  supersonic 
dash  phase.  Significantly  different  stresses  may  he  introduced  into  an 
air-carried  rocket  motor  depending  on  the  sequence  in  which  the  maneuvers 
are  performed. 

Flight  20  shear  stress  data  are  presented  in  Figure  IWt;  hoop  and 
axial  strain  data  are  given  in  Figure  1 11}.  dynamic  stresses,  given  in 
Table  20,  indicate  small  stress  levels. 
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Figure  113.  Flight  -0,  Thermal  Normal  Stresses  vs  Flight  Time 
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Figure  110.  Flight  JO,  Here  Strums  vs  Flight  Time 
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SIMMAin 


Because  of  questions  raised  as  to  the  accuracy  of  the  internal  in- 
strumentation prior  to  Flight  14,  the  latter  flights  are  summarized 
be 1 ow . 

Since  the  major  interest  center  is  the  change  hi  grain  response  due 
to  captive  flight,  an  approach  based  on  normalization  of  the  stress/ 
strain  data  was  taken.  Removing  the  pressure-change- i nduced  load, 
normalizing  the  data,  and  averaging  the  stress  gage  responses  yields  a 
usable  presentation  of  the  flight-induced  stress  state.  Data  scatter 
in  the  normal  gage  response  is  probably  higher  than  the  distribution  of 
stresses  down  the  length  of  (lie  motor. 

Figures  110  through  122  depict  selected  temperatures,  average 
normalized  thermal  bond  stress,  and  inner  bore  hoop  strain,  all  as  func- 
tions of  flight  time,  for  Flights  14  through  20,  respectively.  Repeat- 
ability between  flights  is  indicated  by  the  consistency  of  the  stress/ 
strain  ratio  and  the  magnitudes  of  the  changes  observed. 

As  mentioned,  dynamic  stress  signals  during  the  severe  flight  condi- 
tions (Mach  2 and  TFH ) approached  magnitudes  of  _ 1.0  psi  but  were  usually 
even  lower.  This  represents  such  a low  level  of  response  (less  than  1/ 
of  gage  full-scale  response)  that  these  must  be  treated  as  generally  in- 
dicative rather  than  exact  quantity. 
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EXTERNAL  I NSTRUMFNTATI ON  RESPONSE 


In  addition  to  grain  response,  a large  amount  of  dynamic  data 
describing  the  external  environment  were  recorded. 

ACCELEROMETER  LATA 

The  accelerometer  data  were  analyzed  using  digital  samples  and  per- 
forming Fourier  analysis  to  obtain  random  response  (power  spectral  den- 
sity (PSD)  vs  frequency).  A measure  of  the  response  in  the  area  under 
the  PSD  vs  frequency  curve,  i.e.,  the  mean  square  g level  at  several 
accelerometer  locations  for  significant  flight  conditions  is  given  in 
Table  21. 

The  data  are  generally  erratic  due  to  recording,  reduction,  and 
analysis  difficulties.  Data  from  the  latter  flights  ( 1 5 , ff)  are  more 
reliable  than  those  from  earlier  flights.  It  is  obvious  that  the  super- 
sonic dash  and  TFH  generate  the  largest  vibrations.  The  differences  be- 
tween these  two  conditions  are  not  significant.  Data  from  the  Y-axis 
accelerometers  were  not  reduced  since  the  indicated  signal  on  the  oscil- 
lographs was  very  low  compared  to  that  for  the  translational  (Z,  X)  axes 

1AUNCIIER  LUG  DATA 

Because  of  frictional  contact  between  the  sway  braces  and  motor 
case,  the  sway  brace  and  aft  lug  bending  calibration  were  indeterminate. 
The  key  response  of  lug  tension  was  measured,  bowel e • . This  response 
reflects  the  effects  of  tightening  the  sway  braces  and  the  non-linear 
behavior  due  to  the  frictional  contact  with  the  motor.  Plots  of  forward 
and  aft  lug  tension  for  the  various  flight  conditions  are  shown  in 
Figures  123  through  127  for  Flights  17  through  18  and  20.  Lug  load  in- 
duced by  installation  was  measured  on  Flights  17  and  18.  For  Flight  17, 
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TABLE  21.  ACCELEROMETER  RESPONSE  DATA1  - MEAN  SQUARE  g- LEVEL 


Accel e 


tightening  the  sway  braces  resuJ ted  in  3200  pounds,  tension,  in  the 
forward  Jug  and  about  1600  pounds,  tension,  in  I he  aft  lug.  lor  Flight 
ltt,  the  corresponding  induced  loads  were  about  2600  and  3M)0  pounds, 
respectively.  During  Flight  15,  an  1800-pound  shift  in  the  aft  lug 
tensile  load  was  recorded.  This  shift  is  attributed  to  an  in-flight 
shift  of  the  motor/ sway  brace  interface.  Noise  levels  in  the  reduced 
data  on  the  order  of  150  pounds  for  the  forward  lug  and  300  pounds 
for  the  aft  lug  were  of  the  same  or  greater  order  than  those  for  the 
dynamic  response  of  the  lugs. 

As  in  the  case  of  the  other  test  data,  a large  range  in  observed 
response  occurred  between  flights  and  flight  conditions.  This  phenomena 
was  closely  related  to  the  initial  tightening  of  the  sway  braces,  which 
produced  the  most  significant  load  on  the  lugs.  A general i/ati on  of  the 
response  observed  throughout  the  tests  of  the  IIDU  is  as  summarized  below 


Lug  Tensile 

Load,  lb 

Forward  Lug 

Aft  Lug 

Loading  from  Hanging  MX! 

3000 

2500 

Flight  Load 

800 

1600 

(Mach  2 - Dash ) 

Dynamic  Load  in  Flight 

<200 

• 500 

lt>9 


I’age  170  is  blank. 
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1 «;hoiini)  simulation 

Three  series  of  ground  simulation  tests  were  conducted.  The  flight 
vehicle  and  MAU-12C  aircraft  ejector  rack  were  mounted  on  a vibration 
machine  using  a rigid  mount  between  the  shaker  and  aircraft  rack  to  simu- 
late aircraft  input.  [Airing  preflight  simulation  the  entire  flight  unit 
was  vibrated  using  (l)  sine  inputs  to  calibrate  the  system  and  to  check 
responses  of  the  gages  and  (2)  random  vibrational  loads  and  aerodynamic 
heat  input  levels  predicted  by  General  Dynamics. 

After  IT  flights  on  an  F-111  aircraft,  the  ADD  was  returned  to 
Hocketdyne  for  repairs,  re calibration,  and  additional  ground  simulation 
testing  to  obtain  preliminary  comparisons  with  the  earlier  tests  based 
on  prediction.  Responses  of  the  gages  in  the  interim  simulation  tests 
were  also  compared  to  those  obtained  in  actual  flight. 

''lie  final  series  (postflight)  of  tests  were  conducted  to  establish 
the  degree  to  which  the  captive-flight  environment  can  be  simulated  in 
ground  test  equipment  using  grain  response  as  the  evaluation  criterion. 

The  three  series  of  tests  are  discussed  on  the  following  pages. 
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PRIFI.IGHT  SIMULATION 


TEST  PUN 

A preliminary  test  plan  was  established  and  approved  before  testing 
was  begun . Random  vibration  and  aeroheat  requirements  were  based  on  the 
flight  prediction  environments. 

Other  prerequisites  used  in  developing  the  testing  sequence  were: 

(1)  minimize  number  of  difficult  and  hazardous  BDP  handling  operations, 

(2)  delay  the  aeroheating  cycles  until  last,  and  (1)  provide  maximum 
possibility  of  data  gathering  at  both  ground  and  flight  recording  sta- 
tions. Minimal  handling  of  the  BIX!  reduced  the  chances  of  damaging  in- 
strumentation. By  holding  all  aeroheat  cycles  until  near  the  end  of 
the  checkout  test  cycle,  the  maximum  data  were  obtained  before  the  1)1)1' 
was  subjected  to  potential  heating  damage.  The  actual  test  sequence  was 

1.  Initial  Functional  Checks 

a.  Pressure  check  10  and  20  psig 

b.  Thermal  check 

( 1 ) 70  F s ta  b i I i t\ 

(2)  20  F stability  cheek 

(“Y)  20 — 100  F gradient  and  stability  check 

2 . Z Ax i s (Ver ti ca I ) 

a.  Ilard-mount  sine  sweep  vibration  with  impedance  head 

( 1 ) Ca 1 1 bra  to  sys tem 

(2)  Perform  10  to  2000  Hertz  sinusoidal  survey 
(“Y)  Make  X-Y  plots  of  all  specified  channels 
()|  ) Process  oscillograph  records 

b.  Hard-mount  random  vibration  with  impedance  bead 

(l  ) Multiple  random  vibrations  with  increasing  power 
input  were  run  until  either  the  impedance1 2  head 
I ciad  limit  was  reached  or  the  required  random 


vibration  level  was  achieved.  If  the  impedance 
head  limit  was  reached  first  the  impedance  heads 
were  to  have  been  replaced  with  steel  blocks. 

The  impedance  head  load  limit  (5000  pounds  max) 
was  not  reached  during  this  test  step;  therefore 
impedance  heads  were  used  in  all  vibration  tests 

(2)  Reload  flight  recorder 

( 1 ) Perform  random  vibration 
(’i)  Make  ISO  plots  as  specified 
(r>)  Process  oscillograph  records 

e.  Replace  hard-mount  with  launcher  and  reload  flight 
recorder 

d.  Soft-mount  sine  vibration  with  impedance  heads 
( I ) Cu I i bra te  system 

(2)  Perform  10  to  2000  Hertz  sinusoidal  survey 
(>)  Make  X-Y  plots  of  all  specified  channels 

Y.  X Axis 

a.  Soft-mount  sine  sweep  vibration  with  impedance  heads 

(1)  Calibrate  system 

(2)  Perform  10  to  2000  Hertz  sinusoidal  survey 
(1)  Make  X-Y  plots  of  specified  data  channels 

b Replace  launcher  with  hard  rack  mount  and  reload 
flight  recorder 

c.  Hard-mount  sine  sweep  vibration  with  impedance  heads 

(1 ) Calibrate  system 

(2)  Perform  10  to  2000  Hertz  sinusoidal  survey 

(l)  Make  X-Y  plots  of  specified  data  channels  and 
process  oscillograph  records 

d.  Hard-mount  with  impedance  heads  (random) 

(1)  Perform  random  vibration 

(2)  Make  PSI)  plots  as  specified 

(1 ) Process  oscillograph  records 

ri  ) Continue  making  any  X-Y  plots  from  previous 
tests  as  spec  1 f i ed 

(l)  Reload  flight  recorder 
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A . Thermal  soak  unit  for  flight  recorder  system  checkout 
ry.  Instrument  sway  braces  and  lugs 
(>.  Thermal  calibration 

7.  Static  load  calibrate  Z,  X,  and  Y axes 

8 . X A x 1 s 

a.  Calibrate  system 

b.  Perform  10  to  2000  Hz  sinusoidal  survey 

c.  Make  X-Y  plots  of  specified  channels  and  process 
oscillograph  record 

d.  Set  up  and  conduct  aeroheat  only 

(1)  Hecord  temperature  vs  time  as  specified 

(2)  Reload  flight  recorder 

e.  Soft-mount  with  impedance  beads 

(1)  Perform  random  vibration  in  conjunction  with 
a erohea t 

(2)  Process  oscillograph  records 
(>)  Make  PSR  plot-  as  specified 

( *i  ) Reload  f I . gh  I record'" 

9 . Z \x i s (Vertical) 

a . Ca  1 1 bra  I e - \ s 1 em 

b.  Perform  !0  to  2000  Hz  sinusoidal  survey 

r.  Make  X-Y  plot-  of  specified  channels  and  proeess 
nsc 1 I I ogrn ph  record 


d.  Soft-mounl  with  impedance  heads 

(1)  Perform  random  vibration  in  conjunction  with 
a erohea 1 

(2)  Proeess  os<  illograph  records 
(l)  Make  PSD  plots  as  specified 

10.  Ship  HI*  to  \FRPI  for  flighi  test  preparation 
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MSI  (MCI  l,S,  DA  I A . Wl)  DISCISSION 


lunc  ti  ona  I (hocks 


The  j 11  i I i a 1 I es  t s were  cuuduc  t ed  In  perforin  throe  types  of  fune 
lional  checks  on  the  i 11s  I rumen  In  ti  on . The  first  was  In  record  the  re 
spouse  of  I In1  i ns  I lumen  I s to  existing  internal  pressure.  ID  psig,  then 
to  110  psig  and  compare  the  l.wo  sets  of  data.  The  second  check  was  lo 
record  selected  responses  to  three  different  temperature  levels,  20. 
71,  and  100  f.  fhe  third  test  was  conducted  on  the  v thru  tor  to  vents 
that  the  instruments  and  recording  system  were  functioning. 

Sialic  pressure  was  not  checked  In1  cause  of  a low-level  pressure 
leak  around  the  bulkhead  electrical  connectors.  Instead  pressure  was 
held  at  II)  and  20  psig  hy  regulat  ing  the  pro  -are  source.  Mosul  t.ing 
data  are  shown  in  Tables  22  and  21. 

I VIII. I 22.  PIIKSSI  III;  t'HFXJK  A I 20  I I \ I f ITMPKKATI  UK 
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Z Axi  s (Verti  ca  1 ) 

One  of  the  initial  concerns  was  I rnnsmi  ssi  hi  li  t>  and  control  of  the 
BUT  during  vibration  with  what  was  thought  to  lie  a very  soft  mounting 
system  when  using  the  MAli-  1‘JA/C  launcher.  for  this  reason  a hard 
mounting  system  was  included  in  the  test  program.  The  first  vibration 
test  was  with  the  hard  mounting  system. 

Besides  the  j nstrumen  to  t.i  on  shown  earlier  in  the  propellant  grain 
section,  additional  accelerometers,  Figure  1-8,  were  placed  on  the  unit 
to  define  the  vibration  mode(s)  of  the  total  test  vehicle.  These 
accelerometer  locations  were  maintained  for  all  vibration  tests  in  the 
Z axis. 
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Accelerometer,  F - Force 

Figure  128.  Location  of  External  Instrumentation 


Hard-Mount  Sine  Sweep  with  Impedance  Head,  JO  June  1971.  A 1-g 
input  leva]  was  maintained  during  the  sweep  from  10  to  2000  Hz  at  0.63 
octaves  minute.  Accelerometer  channels  5 and  8 were  used  as  dual  con- 
trols during  the  sweep.  Replots  of  these  two  channels  are  shown  in 
Figures  129  and  130. 

Data  revealed  that  some  of  the  internal  instruments  were  showing 
impacting  between  components.  The  on-board  flight  recorder  was  also 
running  intermittently.  During  coordination  discussions  it  was  decided 
to  conduct  subsequent  testing  at  0.5-g  input.  NWC  also  modified  the 
attachment  of  the  tape  recorder  to  minimize  vibration  chattering  within 
its  carriage. 

Hard-Mount  Random  Vibration,  1 July  1 971-  Random  vibration  was 
conducted  at  ambient  temperature  with  the  scheduled  input  shown  in 
Figure  131.  However,  the  BDU  was  generating  sufficient  energy  from 
shaker  input  below  about  1000  Hz  that  no  additional  shaker  energy 
was  required  above  this  frequency  to  complete  the  total  spectrum.  The 
duration  of  the  test  was  determined  by  the  time  necessary  to  obtain 
both  ground-s tn ti on  and  on-board  recording  systems  data,  about  3 min- 
utes. 

Random  data  were  reduced  in  analog  form  through  an  ASD-80  spectral 
analyzer.  These  data  revealed  high  responses  between  1230  and  1750 
Hertz.  Since  all  shaker  excitation  power  at  frequencies  above  1000 
Hertz  had  already  been  filtered  out,  the  response  was  clearly  result- 
ing from  sympathetic  harmonies  that  arc  a characteristic  of  the  mechani- 
cal system.  The  amplitudes  of  these  harmonics  were  reducible  by  lower- 
ing the  power  density  at  certain  frequencies  (such  as  300  Hertz),  hut 
it  appeared  the  harmonics  could  not  tie  eliminated  without  mechanical 
rearrangement. 
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Figure  129.  Replot  of  Data  from  Control  Channel  5, 
Hard-Mount  Sine  Sweep,  30  June  1971 


[ard-Mount  Sine  Sweep,  30  June  1971 


Figure  131.  Hard-Mount  Itamlom  Vibration 
input,  / Axis 

Soft-Mount  0.3-g  Sine  Sweep  Vi  bra  tioti , (i  July  J97I-  The  soft-mount 
0.5-g  sine  sweep  vibration  more  closely  simulated  the  actual  flight  test 
due  to  the  use  of  the  launcher.  Dual  control  channels  were  used  during 
this  test  also.  One  difference  between  this  test  and  the  other  sine 
tests  was  the  input  g level,  Figures  13^  and  133.  Hecuuse  of  the  loading 
amplification  on  the  previous  1 -g  test  and  difficulties  with  the  on-board 
flight  recorder  at  this  loading  level,  a 0.5-g  loading  level  wns  used 
on  this  test.  However,  problems  still  existed  with  the  on-board  recorder, 
and  it  wns  returned  to  the  mnuufac  t.urer  for  a quick  check  before  the  next 
test. 

XAxis  Tests  (Transverse) 

Soft-Mount  0.3-g  Sine  Sweep  Vibration,  13  duly  1971.  The  reduced 
g level  input  load  wns  maintained  for  X-nxis  sine  vibration  sweeps.  The 
instrumentation  in  the  propellant  section  remained  the  same  due  to  lack 
of  access;  however,  the  externally  applied  instrumentation  was  relocated 
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Figure  132.  Replot  of  Data  from  Control  Channel  5,  Soft- 
Mount  Sine  Sweep  Vibration,  6 July  1971 


in  accordance  with  Figure  134.  Only  one  impedance  head  wan  used  in 
this  axis  since  the  vibrator  input  to  the  tooling  was  positioned  to 
coincide  with  the  center  of  gravity  of  the  BDU.  Control  was  again 
accomplished  through  dual  use  of  Accelerometers  3 and  8.  TCiese  were 
located  on  the  case  adjacent  to  the  BDU/launcher  (or  hard-mount)  inter- 
face. Input  channel  data  are  shown  in  Figures  133  and  136. 

Hard-Mount  0.5-g  Sine  Sweep  Vibration.  1A  July  1971.  Instrumen lo- 
tion locations  were  not  changed  for  the  hard-mount  sine  sweep  vibration. 
Input  control  accelerometer  replots  are  shown  in  Figure  137  and  138. 

Hard-Mount  Random  Vibration.  14  July  1971-  Instrumentation  data 
channels  and  the  actual  test  set-up  were  not  changed  for  hard -mount 
random  vibration.  The  shaker  inpul  was  changed  from  sine  to  inndom. 
Figure  13').  BDU  self  generation  again  negated  required  input  from  the 
shaker  above  1000  Hertz. 

BDU  Thermal  8 oak 


Up  to  this  time  the  test  program  had  been  conducted  at  ambient 
temperature.  However,  (lie  next  set  of  tests  were  to  be  conducted  at 
elevated  temperatures.  Since  one  of  the  objectives  in  this  pi  ct  light 
testing  was  to  establish  proper  grain  levels  for  the  on-board  recording 
system,  the  BDU  was  placed  in  a 200  F oven  for  2 hours  and  the  flight 
recording  system  was  activated  to  verify  and/or  change  the  gam  settings 

on  those  elements  sensitive  to  temperature  change.  This  test  was  sched- 
uled at  this  time  because  gain  level  changes  required  extensive  break- 
down of  the  total  BIX  and  the  next  2 months  could  be  used  for  both 
gain  level  changes  and  replacement  of  instrumentation  on  the  launcher 
sway  braces  and  lugs. 
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Figure  134.  Relocated  External  Instrumentation 
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Re plot  of  Data  from  Control  Channel  8,  8 
Mount  Sine  Sweep  Vibration,  13  July  1971 


Mount  Sine  Sweep  Vibration,  14  July  1971 
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Figure  138.  Iteplot  of  Data  from  Control  Channel  8,  llaril- 
Mount  Sine  Sweep  Vibration,  14  July  1971 


Random  Vibration 

Aeroheat  Only.  22  September  1971.  The  HDU  was  subjected  to  aero- 
heat  (Figure  140)  to  provide  a baseline  for  defining  gage  response(s) 
due  to  aeroheating  only.  Some  variation  in  gage  readout  was  expected 
to  occur  due  to  aeroheating  variations  from  cycle  to  cycle.  The  aero- 
heat  control  section  was  directly  over  the  propellant  section  of  the  BDU. 
Re plots  of  data  obtained  during  aeroheat  are  shown  in  Figure  141.  Figure 
J 42  shows  the  location  of  external  thermocouples.  Thermistor  location 
was  the  same  as  shown  earlier.  Carbon  dioxide  was  piped  into  the  elec- 
tronics section  to  prevent  excessive  heating  on  this  and  all  subsequent 
aeroheat  cycles. 

Combined  Random  Vibration  and  Aeroheat,  24  September  1971.  Hie 
first  combined  aeroheat  and  vibration  test  was  conducted  24  September 
1971.  Aeroheat  input  data  are  shown  1 n Figure  143.  The  input  vibra- 
tion spectrum  is  shown  in  Figure  139.  Vibration  data  were  obtained  the 
first  4 minutes  and  about  the  last  4 minutes  of  the  run  since  total 
run  time  and  tape  identification  data  exceeded  the  on-board  tape  capac- 
ity. Thermocouple  location  was  the  same  as  in  the  previous  aerohea t- 
011  ly  cycle,  Figure  142. 
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71-789 

Figure  140.  Aeroheat  Setup  for  IiDU 

Combined  Random  Vibration  and  Acroheat,  28  September  1971.  The 
combined  random  vibration  and  aeroheat  on  118  September  1071  completed 
the  planned  tests  for  verifying  the  integrity  of  the  BDU  for  flight  test. 
Thermocouple  locations  are  shown  in  Figure  142;  resulting  case  acroheat 
data  are  shown  in  Figure  144.  The  input  vibration  curve  is  shown  in 
Figure  131.  The  data  accumulation  plan  on  this  test  was  the  same  as 
that  of  the  previous  combined  aeroheat  and  vibration  cycle. 

Spectral  analysis  of  several  data  clianncls  early  and  late  in  the 
aeroheat  run  shows  the  response  of  the  unit  was  only  slightly  altered 
by  the  temperature  gradient  and  rise. 
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Notes : 

1.  T.C.'s  7i  8,  9,  10  are  control  T.C.'s. 

2.  Five  additional  T.C.'s  (15,  14,  15,  16, 
and  17)  will  be  located  directly  opposite 
NWC  installed  internal  T.C. 

3.  One  additional  T.C.  will  be  located  on 
tape  recorder.  Max  temp  for  this  T.C. 
is  100  F. 

4.  T.C.'s  5 and  12  will  be  ~ 1 inch  from 
surface  to  measure  air  temperature. 


Figure  142.  Thermocouple  Location  for 
Aeroheat  Cycle(s) 


Temperature , deg  F 


30C 


Figure  144.  I to  fa  from  Random  Vibration  and 
Aerohea t,  28  September  1971 


z-axis  mode  shapes 


During  a review  ol'  the  ratios  of  accelerometers  Rorketdyne  had 
attached  to  the  MX,  it  was  found  that  complex  motion  was  experienced 
during  the  Z-axis  vibration  testing.  The  accelerometer  ratios  and 
phase  angles  (related  to  Accelerometer  8,  which  was  used  with  A-5  in 
dual  control)  were  smmnari/.ed  at.  what  appeared  to  be  resonant  fre- 
quencies. The  data  are  shown  in  Table  24.  Some  of  the  data  that  ap- 
pear more  directly  related  to  resonance  conditions  were  replotted  to 
display  mode  shapes. 


From  the  standpoint  that  the  test  vehicle  was  excited  by  and  assumed 


to  respond  to  sinusoidal  motion,  for  input 
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The  response  displacement  nnd  acceleration  might  ln*j  Llie  input  by 
n phase  angle  cp.  (Resonance  occurs  a t cp  = 90°.  ) Then  the  response 
would  be 

XR  = AR  Sin  + v) 

= A^U)  cos  (U)t  + cp) 

*H  ~ ARX"”  8*n  (U)4,  + CP ) 

The  ratios  would  then  give 


yf 

•> 

A ur 


ar  xr  , 

T = T atcp 


Thus  the  ratios  of  the  accelerometer  signals  served  as  ratios  of  dis- 
placement amplitude.  These  ratios  were  used  to  plot  the  mode  shape 
curves  shown  in  Figure  145. 


The  mode  shape  curves  were  referenced  to  an  input  accelerometer, 
A-8,  attached  to  the  RDIJ  approximately  8.5  inches  behind  the  center  of 
gravity.  This  particular  method  of  display  was  chosen  to  facilitate  a 
convenient  comparison  of  the  measured  BDU  dynamic  response  to  the  ana- 
lytical predictions  previously  made  by  Lockheed  Propulsion  Company. 

The  HDU/launcher  assembly  response  is  defined  by  the  impedance  head 
data  described  earlier  in  this  section. 


As  shown  in  Figure  145,  the  normalized  displacement  amplitude  is 
plotted  along  the  length  of  the  I1DU.  The  forward  end  is  to  the  left 
and  the  aft  end  is  to  the  right.  It  appears  that  there  were  two  basic 
response  modes,  typified  by  the  "beam  tipping"  mode  at  127  Hertz  and  the 
"beam  flexure"  mode  at  60  Hertz. 
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Frequency,  Hz 


Figure  14 5.  Z-Axis  Mode  Shapes 


Hie  bean  tipping  mode  is  typical  of  a stiff  beam  supported  by  tvo 
springs  (in  this  case  the  fore  and  aft  ends  of  the  launcher)  as  sketched 
in  Figure  146. 


IHK 


(b)  (ienera  1 1 zed  t'oord  i tin  tes 

Figure  140.  Simplified  Stiff 
Beam  Model 

It  is  observed  that  the  two  generalized  coordinates,  x and  o,  maj 
be  used  to  derive  the  two  equa Lions  shown  below: 

mZ  + (K j + Kg)  Z - (Kj  ij  - Kg  IJ  j 0 (l 

18  » (K j ^ V2)  0 - (Kj  - Kg  £g)  Z 0 (‘J 

The  combination  (Kj  1,  - K()  A())  couples  these  equations.  If  this 
term  is  set  to  zero,  then  the  equations  would  no  longer  be  coupled.  I 


But  in  the  case  of  the  Bill  tests,  the  aft  section  of  the  launcher  was 
very  nearly  as  stiff  as  the  forward  section  and  Kj/K,,  e»  1.  However,  the 
distance  from  the  center  of  gravity  to  the  aft  sway  braces  was  O.b  inch 
and  20.6  inches  to  the  forward  sway  braces.  Obviously  t /i  was  sub- 
stantially  greater  than  1.  and  the  displacement  and  tipping  modes  were 
coupled.  Therefore,  we  concluded  from  this  simple  model  that  the  beam 
tipping  mode  for  the  BD1J  was  a reasonable  response,  that  this  mode  could 
indeed  be  excited  by  the  Z-axis  translation  motion  (i.e.,  coupling),  and 
that  the  launcher  lent  primary  flexibility  to  this  mode.  The  modes 
occurring  at  45,  9-,  and  possibly  at  210  Hertz  uppeared  to  be  harmonics 
of  the  fundamental  resonance  observed  at  27  Hertz. 

The  mode  shape  occurring  at  60  Hertz  appeared  to  be  the  beam  bend- 
ing mode.  The  linear  nature  of  the  forward  end  deflections  substantiated 
the  stiffness  of  that  section.  Flexing  would  appeal-  to  be  in  the  thin- 
ner section  toward  the  aft  end.  A harmonic  occurred  at  approximately 
126  Hertz. 

Other  components  were  contributing  to  and  being  excited  by  the  111)11 
Z-axis  response.  The  fins  on  the  aft  end,  for  example,  responsed  loudly 
at  the  27-Hertz  frequency.  At  165  Hertz,  X-axis  response  was  excited 
by  the  Z-axis  input  such  that  the  ampl  itude  rat  io  at  the  foivard  end  was 
5.7,  and  greater  than  10  at  the  center  of  gravity  and  on  the  aft  fins. 

Thu  triaxial  accelerometers  showed  Y-axis  excitation  up  to  l g at  fre- 
quencies of  27,  66,  and  170  Hertz.  Y-axis  cross  response  was  not  too 
significant.  However,  the  response  in  the  X axis  was  at  times  as  high 
as  that  in  the  direction  being  driven.  The  magnitude  of  this  response, 
and  the  upparent  low  energy  level  required  to  excite  this  cross  mode  led 
to  the  conclusion  that  HUH  motions  along  the  X-axis  should  be  the  limiting 
criteria  relating  to  adjusting  data  band  widths  for  the  acquisition  system, 
and  to  evaluation  of  the  structural  requirements  of  the  unit. 
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X-AXIS  modi:  shapes 


The  technique  previously  described  w;ts  used  to  determine  HDU  mode 
shapes  in  the  X-  axis.  Again,  these  modes  arc  referenced  to  Accelerometer 
8 attached  to  the  HDl!  .just  behind  the  aft  launch  lug.  Normalized  output, 
signals  are  shown  in  Figure  1 b 7 - These  shapes  appear  to  be  variations  of 
the  same  fundamental  mode,  amplified  at  certain  frequencies  (c.g.,  -T 
Hertz)  by  the  flexibility  of  the  launcher.  Nevertheless,  it  appeared 
that  the  beam  flexure  mode  was  the  primary  response  modified  by  resonance 
of  I1DU  components  such  as  the  launcher,  fins,  recorder,  and  instrumenta- 
tion racks,  etc. 

In  addition  to  the  acceleration  (or  displacement)  ratios  taken  to 
show  mode  shapes  relative  to  control  Accelerometer  8,  transfer  impedance 
plots  were  made.  Instrument  locations  are  shown  in  Figure  I<i8.  Un- 
fortunately, the  phase  angle  measurements  for  the  F/A-7  and  f/A-11 
ratios  were  erroneous  due  to  recording  and  playback  head  raisal ignment 
on  the  tape  recorder.  (Much  time  and  effort  were  expended  adjusting  the 
alignment  and  most  of  the  other  data  were  recovered.  However,  the  align- 
ment was  particularly  tedious  for  tin*  rapid  surveys  required  to  accom- 
modate the  on-bofird  flight  recorder.)  The  other  phase  angle  channels 
were  correct  and  the  amplitude  ratios  were  close-  enough  for  our  purposes. 

Review  of  the  data  showed  a primary  bell-ringing  mode  at  11.5  Hertz 
and  other  strong  resonance  modes  at  (><>,  DO,  180,  and  <>00  Hertz.  The 
mode  shapes  agree  with  those  shown  in  Figure  1 ;»7  and  provide  a more  com- 
prehensive overview  of  the  HDU  dynamic  behavior.  The  measurement  of  mo- 
tion relative  to  a different  reference  point  more  clearly  elucidated  (lie 
bell-ringing  mode.  The  use  of  the  force  (measured  at  the  input  excita- 
tion point),  and  the  response  at  several  spots  on  the  HDU,  provided 
transfer  coefficient  data  that  the  analyst  may  coiiqmre  with  stiffness 
coefficients  in  a finite  element  stiffness  method  dynamic  (computerized) 
analysis,  or  more  directly,  may  use  to  show  (lie  more  flexible  components 
of  the  system. 
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Figure  l7iH.  Sketch  of  Transfer  Impedance 
J nstrumenl  Loca tj  ons 


LAUNCHER  FLEXIBILITY 


The  BIA'  was  attached  to  the  vibration  jig  in  two  slightly  different 
arrangements  for  testing  during  this  program.  One  arrangement  ("hard") 
used  a stiff  interconnecting  member  between  the  .jig  and  the  BUT.  Attach- 
ment to  the  BE*J  was  accomplished  by  bolting  into  the  Bill  body  at  the 
launch  Jug  locations.  The  other  arrangement  ("soft")  used  the  MAU-12A/C 
launcher,  bolted  to  the  jig  through  clevis  fittings  as  used  on  the  F- 111 
pylon.  The  BIX.'  was  fitted  to  the  launcher  in  the  usual  manner. 

Adoption  of  the  different  arrangements  stemmed  from  the  need  to 
excite  the  BUI  to  the  spectrum  of  frequencies  between  10  and  2000  Hertz. 

A MAU-J2A/B  launcher  originally  scheduled  for  use  in  the  program 
appeared  to  be  so  flexible  that  the  fllXJ  would  be  isolated  from  high 
frequency  loads  input  through  that  launcher.  Since  aerodynanu ca  1 ly 
induced  high  frequency  loads  could  be  experienced  by  the  111*  in  flight, 
and  since  it  was  desired  to  simulate  the  environment  in  ground  testing, 
the  hard  arrangement  was  designed  and  built.  Subsequently,  a stiffened 
launcher  (the  MAU-12A/C)  became  available  and  was  used  throughout  the 
experimental  testing. 
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luitinl  tests  in  the  X and  Z axes  were  conducted  using  the  hard 
a i range-men  l . Ihta  from  the  i its  trunteuta  tion  were  recorded  during  sine 
survey  and  random  tests.  (The  Z-axis  hard  sine  survey  was  run  at  i -g 
input.  All  other  tests  were  made  using  0.3-g  input. ) The  impedauce 
head  data,  plotted  in  terms  of  apparent  mass,  appear  to  best  character- 
ize the  system  response  in  the  different  configurations. 

The  apparent  masses  recorded  from  Z-axis  sine  surveys  in  the  hard 
aud  soft  configurations  are  shown  in  Figure  149.  It  is  noted  that  both 
magnitudes  of  appurent  mass  and  resonant  (and  anti-resonant)  frequencies 
are  lower  for  the  soft  configuration.  The  launcher  is  more  flexible 
than  the  bard  arrangement,  but  the  influence  on  H1XJ  response  is  rela- 
tively small. 

l'be  apparent  masses  for  X-axis  sine  survey  tests  in  the  hard  and 
soft  configurations  are  shown  in  Figure  130.  The  differences  between 
the  curves  are  less  than  those  displayed  in  Figure  149. 

It  was  concluded  from  these  data  that  the  differences  in  BJWj  re- 
sponse resulting  from  use  of  the  hard  aud  soft  arrangement  were  small 
relative  to  other  system  complexities.  Consequently,  subsequent  test- 
ing was  conducted  only  in  the  soft  (with  launcher)  configuration,  and 
these  data  were  analyzed  and  are  discussed  in  more  detail  earlier  iu 
this  section. 


AEROHEAT  SIMULATION 


The  BIXJ  was  subjected  to  aeroheat  during  three  test  cycles.  One 
aerohea t-only  cycle  was  conducted  to  establish  a baseline  for  future 
thermocouple  and  thermistor  reference.  The  other  two  cycles  were  of 
combined  aeroheat  and  vibration.  The  center  section  of  the  propellant 
grain  was  selected  as  the  control  section  for  the  aeroheat  cycles. 
Thermocouples  7,  8,  9,  and  10  were  on  the  case  at  the  longitudinal 
centerline  of  the  propellant  grain;  while  thermocouple  5 was  in  the  air- 
stream  just  above  the  case.  Dn ta  from  the  three  tests  are  shown  in 
Figures  141 , 143,  and  144. 

Maximum  differences  in  case  temperatures  were  30  to  50  F at  the 
end  of  10  minutes.  Air  temperature  and  maximum  case  temperature  are 
shown  in  Figure  143. 


PROPELLANT  GRAIN  RESPONSE  DATA 


l 

Significant  data  obtained  from  the  propellant  grain  instrumentation 
during  vibration  and  simulated  aeroheat  testing  are  discussed  in  this 
section.  The  identification  of  the  instruments  and  their  location  within 
the  inert  propellant  grain  are  shown  in  Table  3,  page  65,  and  Figure  22, 
page  31. 

PROPELIANT  INSTRUMENTATION  DATA 
Sinusoidal  Vibration 

A sine  wave  excitation  survey  was  conducted  in  both  the  Z axis 
(vertical)  and  the  X axis  (horizontal  and  transverse  to  BDU)  at  an  in- 
put acceleration  level  of  0.5  g. 

Table  25  shows  data  from  the  sine  survey  in  the  Z axis  and  includes 
the  peak-to-peak  amplitudes  obtained  from  the  normal  and  shear  stress 
gages  and  the  two  bore  strain  measuring  gages.  These  data  represent  the 
maximum  amplitudes  noted  at  the  various  resonance  frequencies.  The  low- 
est frequency  ~ 11.5  Hz  is  apparently  the  frequency  at  which  the  whole 
BDU  swings  like  a pendulum  (Bell-ringer  mode)  on  its  support.  This  is 
primarily  an  X-axis  motion,  and  very  low  normal  stresses  (0.15  to  0.25 
psi)  were  obtained  in  this  mode.  There  was  no  measurable  shear  stress 
in  the  axial  or  Y direction. 

Higher  stress  levels  were  obtained  at  the  higher  resonant  fre- 
quencies of  ~ 25  and  ~ 100  Hz.  Gage  22  situated  at  the  180°  (bottom) 
of  the  forward  end  of  the  grain  shows  the  largest  stress  values  at  both 
frequencies,  0.93  and  0.70  psi,  respectively.  Gage  24  at  the  rear  bottom 
of  the  grain  shows  similar  stress  levels  at  0.64  and  0.01  psi,  respec- 
tively. Gage  18  located  in  the  middle  of  the  grain  was  not  connected 
to  the  Rocketdyne  recorder  for  these  tests,  Gages  21  and  20,  which  ure 
arranged  to  measure  the  lateral  normul  stresses,  gave  extremely  small 
outputs  in  the  noise  level  during  the  vertical  Z-axis  vibration  tests. 
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TABLE  25.  VIBRATION  DATA  FROM  0.5  g Z-AXTS  SINE  SURVEY 


Gage 

Number 

21 

22 

24 

101 

SH-2 

BB  1 

BB  2 

Freq, 

Peak-to-Peak  Stress/Strain 

Hz 

psi 

psi 

psi 

psi 

KUI 

psi 

% Hoop 

11/12 

0.15 

m 

m 

N 

- - 

- . 

- 

- 

25/24 

N* 

EH 

BS 

N 

0.42 

0.20 

N 

N 

97/105 

N 

m 

m 

N 

0.58 



0.51 

N 

0.014 

Noise  level  only 

Shear  gages  101  anil  SH-2  both  showed  small  shear  stresses  in  the  axial 
or  Y direction  at  the  two  higher  frequencies  when  the  BDU  was  vibrated 
in  the  Z direction.  This  indicates  some  coupling  between  the  modes  of 
vibration  and  demonstrates  how  difficult  it  is  to  obtain  a simple  pure 
vibration  mode. 

The  bore  strain  measuring  clip  gages  showed  virtually  no  vibration 
strains  during  the  tests.  A very  small  value  of  0.014'i  hoop  strain  was 
obtained  at  the  100  Hz  frequency  but  no  other  measurable  strains  were 
noted. 

Table  26  shows  similar  data  obtained  from  the  X axis  sine  survey. 
In  this  mode  the  lateral  plane  of  normal  stress  gages,  i.e..  Gages  21. 
24,  and  26,  showed  the  highest  stress  values  as  would  be  expected. 
Resonant  frequencies  noted  in  these  lateral  vibration  tests  were  not 
identical  to  those  obtained  in  the  vertical  test  mode.  Thus,  there 
was  no  resonance  detected  at  the  ll/l2  Hz  frequency;  and  the  lowest 
resonant  frequency  was  28  Hz,  which  is  probably  a similar  mode  to  that 
obtained  at  25/24  Hz  in  the  Z axis  mode  of  vibration.  There  appears  to 
be  no  equivalent  to  the  100  Hz  mode  during  vibrations  in  the  X direction 
but  additional  peaks  were  obtained  at  140,  220,  and  280/500  Hz  as  noted. 
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TABLE  26.  VIBRATION  UATA  FROM  0.5  g X-AXIS  SINE  SURVEY 


Gag 

e Number 

21 

22 

24 

26 

101 

SH-2 

BB  1 

BB  2 

Freq, 

Peak- 

■to-Peak  Stress/Strain 

Hz 

mbm 

psi 

mm 

psi 

mm 

EZ Efl 

0.66 

m 

0.64 

0.82 

0.50 

0.17 

N* 

0.0085 

-- 

B 

n 

— 

0.069 

0.051 

N 

N 

220 

1.15 

B 

0.14 

-- 

-- 

- 

- 

X 

c o 

X o 
OJ 

0.40 

B 

H 

0.27 

0.107 

0.005 

N 

N 

* 

Noise  level  only 


At  the  lowest  frequency  of  28  Hz  the  shear  gage  readings  suggest 
that  it  is  once  again  a coupled  vibration  mode,  but  at  the  higher  fre- 
quencies the  measured  shear  stresses  are  much  smaller  and  almost  negli- 
gible. There  is  also  essentially  no  hoop  or  axial  strain  in  the  grain 
bore  during  vibration,  since  only  one  vulvie  of  the  hoop  strain  could  be 
measured  ( i . e.  0 . 0085$  at  28  Hz). 

Random  Vibration  with  Simulated  Aeroheat 


Random  excitation  was  applied  to  the  BDl!  in  both  the  X and  the  Z 
axes  simultaneously  with  aeroheat.  These  tests  were  intended  to  simulate 
a flight  test  as  closely  as  possible.  Data  from  the  X-axis  vibration 
test  are  presented  in  Table  27  , and  data  frrm  the  Z-axis  vibrution  test 
are  given  in  Table  28. 


The  data  consist  of  peak-to-peak  amplitudes  at  the  maximum  data 
points  observed  during  the  test  sequence.  Thus  the  results  from  the  nor- 
mal stress  Gages  21,  2 4,  and  26  in  Table  27  show  maximum  values  of  nor- 
mal stress  of  from  2 to  4 psi.  Gages  21  and  26,  which  are  located  at  the 


TABLE  27.  VIBRATION  BATA  FROM  X AXIS  RANDOM 
VIBRATION  PIUS  AEROHFAT 


Gage 

Num  be 

r 

21 

22 

24 

26 

101 

SII-2 

BB  1 

BB  2 

Time , 

Peak-to 

-Pea  k 

Stress/Strain 

sec 

psi 

psi 

psi 

psi 

psi 

ps  i 

mmrm 

18.8 

2.05 



1.23 

1.78 

— 







57.7 

2.16 

— 

1 .21 

1.59 

— 

— 

— 

— 

444.2 

5.99 

— 

l .80 

2.24 

— 

— 

— 

TABLE  28.  VIBRATION  BATA  FROM  Z AXIS  RANDOM 
VIBRATION  PIUS  AEROIIEAT 


Gage 

Number 

21 

22 

24 

26 

101 

m 

BB  1 

BB  2 

Time , 

Peak-to 

-Peak 

Stres 

s/stra 

in 

sec 

psi 

psi 

psi 

psi 

E3S 

usi 

VEsa 

kmiseti 

44.1 

0.00 

2.23 

1.18 

1.09 

■ 



95.5 

0.59 

1.10 

1.14 

1.08 

— 

— 

— 

— 

150.9 

0.67 

2.18 

1 .28 

1.05 

— 

— 

— 

— 

90°  points  of  the  grain,  show  the  maximum  data  as  would  be  expected. 
Some  coupling  between  the  X and  the  Z planes  is  evidenced  by  the  magni- 
tude of  the  response  from  Gage  24,  which  measures  the  vertical  (z)  re- 
sponse at  the  rear  of  the  grain. 
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Data  in  Table  28  show  maximum  stress  levels  from  Gages  22  and  24, 
but  stresses  at  Gage  2b  are  not  much  smaller  than  those  recorded  by  the 
two  Z-axis  plane  gages.  Again,  this  demonstrates  the  complexity  of  the 
vibration  modes. 

AEROHEAT 

Results  of  the  aeroheat  vibration  tests  were  presented  in  the  pre- 
ceding paragraph;  thermal  results  from  the  tests  are  discussed  here. 
Temperature  data  were  obtained  from  thermistors  located  in  the  grain 
adjacent  to  the  gages  and  in  a temperature  gradient  block  at  the  middle 
of  the  grain.  In  Figures  151  through  154,  Thermistors  B and  D measured 
the  case/liner  interface  temperature  while  Thermistors  1,  2,  5,  and  It) 
measured  the  grain  temperature  inside  the  insulation  layer  near  the  gages. 
Thermistor  21  was  located  inside  the  propellant  web  at  a distance  of  1 
inch  from  the  insulation  layer,  and  Thermistor  20  was  located  in  line  with 
Thermistor  21  and  l inch  deeper  in  the  grain  (2  inches  inside  the  grain 
from  the  insulation  layer).  Thermistor  It)  measured  the  temjHtrature  at  the 
bore  of  the  grain. 

Data  from  three  aeroheat  runs  are  given.  Figure  151  shows  the  tem- 
perature data  front  a simple  aeroheat  test  alone,  i.e.,  no  simul atancous 
vibration;  and  Figures  152  and  153  show  data  obtained  during  the  aero- 
heat plus  vibration  tests. 

All  three  sets  of  data  show  similar  results  in  that  the  maximum 
heating  was  obtained  at  the  bottom  of  the  grain  as  evidenced  by  Thermistors 
D,  1,  and  2 all  located  at  the  bottom  of  the  grain  and  Thermistors  B,  5, 
and  10  located  at  the  top  of  the  grain.  There  is  a difference  in  tem- 
perature of  about  10  F between  the  bottom  and  the  top  of  the  grain  at 
the  end  of  the  aeroheat  test  alone,  a difference  of  20  to  25  F in  Figure 
152,  aeroheat  plus  Z axis  vibration,  and  a difference  of  about  20  F in 
the  data  shown  in  Figure  1 53 , aeroheat  plus  X-axis  vibration. 
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Figure  1 5^ - Thermal  llond  Stresses  Measured 
During  Acroheat  Flus  \ Axis 
Vibration  Test 
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During  the  combined  random  vibration  and  simulated  aeroheat,  the 
propellant  stress  transducers  were  expected  to  displav  relatively  small 
amplitude  (vibration  response)  oscillations  superimposed  on  larger 
(thermal  response)  variations.  In  order  to  record  the  amplified  vib- 
rator response,  the  signal  reference  l>ase  was  manuuily  adjusted  during 
t he  te  s t . 

Du ta  presented  in  Figure  1 were  obtained  in  this  manner.  The 
curves  show  the  thermally  induced  changes  in  the  outputs  from  normal 
stress  Gages  21,  2;i , and  2G  during  the  aeroheat  plus  X-axis  random 
vibration  test.  In  the  first  minute  of  the  aeroheat  test  Gages  21  and 
2*»  showed  a small  increase  in  tensile  stress  after  which  the  stresses 
became  smaller  for  Gages  21  and  26.  Gage  -7i  showed  the  initial  increase 
as  described  above  then  showed  a reduction  in  tensile  stress  for  a short 
time.  The  final  data  point  ut  Vi4.2  seconds  indicated  an  increase  in 
stress,  but  it  is  possible  that  this  was  merely  an  error  in  signs  and 
that  the  stress  actually  decreased  as  in  the  case  of  the  other  two  gages. 

INTERIM  SI  Mill  ATI  ON 

Duta  from  Flights  9,  ID,  and  11  were  used  to  establish  random  vibra- 
tion levels  and  time- temperature  histories  for  the  new  ground  simulation 
tests.  Mission  profiles  for  Flights  9 and  11  are  discussed  in  the  FLIGHT 
TESTING  SECTION.  Two  simulation  test  environments  were  constructed  to 
represent  pertinent  features  of  these  two  mission  profiles.  Numerous 
simplifications  and  assumptions  were  necessary  to  establish  the  test 
environments.  Practical  considerations  such  as  capabilities  of  the  test 
cquijxnent  und  test  time  prevented  a precise  duplication  of  the  flight 
environment.  Nevertheless,  good  simulation  tests  were  established. 


THERMAL  HJVIRONMINT 


Thermistor  data  from  Flights  9 and  10  (Figures  l1)1)  and  15(>)  were 
reviewed.  The  figures  indicate  a litile  difference  in  the  temperatures 
recorded  by  Thermistors  B and  D.  The  median  of  these  temperatures  was 
used  as  a test  objective  for  the  simulation  tests.  To  duplicate  flight 
aeroheat  conditions,  it  was  only  necessary  to  duplicate  the  case/lincr 
interface  (CLl)  temperature  history.  That  is,  if  CLI  temperature  as  a 
function  of  time  was  the  sume  in  the  test  as  in  the  flight,  the  grain 
thermal  gradient  histories  were  also  the  same  . 

Since  ground  test  equipment  cannot  supply  air  at  velocities  encoun- 
tered during  flight  it  was  not  possible  to  attain  identical  convective 
heat  transfer  coefficients.  Since  heat  flow  rate  through  the  case  govern 
simulation  accuracy,  i t was  necessary  to  accentuate  the  temperature  poten- 
tial (the  difference  between  the  air  and  case  temperatures)  to  compensate 
for  the  low  convective  coefficients  in  test.  The  equipment  lias  high- 
capacity  heaters  and  an  air  preheating  loop  so  that  rapid  heating  of  the 
case  was  feasible.  Absence  of  a precooling  loop  resulted  in  slower  case 
cooling  than  desired. 

VIBRATION  ENVfRONMiNT 

The  dynamic  response  of  the  BDU  (luring  captive  flight  was  monitored 
by  five  accelerometers — a triaxial  accelerometer  monitoring  major  axis 
vibrations  at  the  center  of  gravity;  a triaxial  accelerometer  canted  'ir> 
degrees  from  the  horizontal  plane,  located  m the  aft  end;  two  single- 
axis  accelerometers  (oriented  to  vertical),  located  on  the  launch  lugs; 
and  a single-axis  (longitudinal)  accelerometer,  mounted  in  the  grain. 

Data  from  three  flights  were  reviewed  and  assimilated  to  determine 
input,  vibration  levels  for  ground  simulation  of  the  flight  tests.  Selec- 
tion of  flights  and  flight  conditions  was  based  on  aeroheat,  dynamic,  and 
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Crain  response  data.  Dynamic-  data  for 
vertical)  are  summarized  in  Table  29  i 
ation  levels  at  each  accelerometer  for 
chosen  as  candidates  for  simulation. 


the1  X and  l axes  (horizontal  and 
n the  form  of  mean  square  accelej 
the  various  flight  conditions 


TABLf:  29.  MEAN  SQUARE  ACCELERATION  (g~)  FOR  CAPTIVE 
FLIGHT  TESTS 


Hi 

Kill  9 

Flight  10 

Flight  11 

( ond  i 1 1 on  5 

n 2, 

55,000  MSI 

('ond  i lion  A 
M 0.95.  TFH, 
500  MSI 

('ond  i ( i on  5 
OrsIi  to  M It, 

12,000  MSL 

Condition  5 
( Sami*  as 

Condition  A 
Plight  9) 

ATI  ttid,  X Am“ 

1.15 

1.27 

2.15 

1 ,«H 

A.  00 

A T 1 Fkul , /.Axis4* 

1.08 

7.08 

5.20 

'* . 59 

1 .62 

eg**,  X Axis 

0.72 

1.09 

0.72 

0.05 

0.0<> 

cgb,  Z A»i* 

0.17 

0.12 

0.57 

c 

C 

Pwd  1 ,ug  , / Ax  i s 

2.26 

2.  18 

2.97 

12.25** 

Aft  Lug , /-  Axis** 

0.  AO 

1.14 

O.V« 

o.7'i 

1.85 

aMii.jor  iixrit  of  accc  I proarirr  rotated  A5  decrees  to  Mijor  axes  of  bo  tor 

Ke.icf  mg*  were  erratir.  1 1 I / gb t test  inMprrtion  revealed  dt'feriivr 

connection  to  aom  taring  syste*. 

* l>a t«»  not  reduced  at  AWPI. 

Que « t 1 onab I e da  ta 

1000 

I r*  0 

Mean  Square  Value  (x.  T 

i I 

* ( digital  data  point  (g)  stapled  at  A 000  point* /sec 


Choice  of  control  accelerometer — forward  lug,  Z axis — was  based  on 
the  following  considerations; 


1.  Since  dynamic  input  during  ground  simulation  was  through 
the  lugs,  lug  accelerometers  were  the  logical  sites  for 
test  control. 

2.  The  aft  lug  accelerometer  behaved  erratically  during  the 
flights  and  was  subsequently  found  to  have  a defective 
connection  with  the  monitoring  system.  A similar  problem 
was  rioted  for  the  center-of -gravity  accelerometer. 
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Replots  of  mean  square  acceleration  density  vs  frequency  ure  shown 
in  Figures  157  and  15R  for  the  forward  lug  (Z-axis  orientation)  accelerom- 
eters for  Flights  9 and  10,  respectively.  The  most  severe  conditions  for 
vibration  were  found  to  be  those  occurring  during  supersonic  dash  and  TFR. 

Measured  levels  for  Flights  9 and  11,  Condition  5,  and  Flight  10,  Condi- 
tion 5,  were  similar.  Therefore,  a single  power  spectrum  was  designed 
for  ground  test  vibrution  input. 

For  simulation  testing,  accelerometers  and  thermocouples  were  moun- 
ted to  the  exterior  of  the  BDU  to  monitor  and  control  the  test  environment.. 

The  BDU  was  mounted  directly  (without  the  instrumented  launcher)  to  a 
large  electrodyuumic  vibrator  in  the  Z axis,  and  duct  work  was  assembled 
around  the  BDU.  The  duct  work  was  connected  to  the  environmental  control 
unit  that  provides  the  aerodynamic  heat  simulation.  Two  tests  were  then 
conducted.  Random  vibration  was  continued  throughout  the  test  while  the 
t i me- temperature  profile  for  each  particular  flight,  condition  was  applied. 

Data  from  external  instrumentation  were  recorded  using  conventional  ground 
equipment.  The  on-board  flight  recorder  was  switched  on  and  off  at  fre- 
quent preselected  intervals  to  acquire  data  from  internal  instrumentation. 

Test  results  are  discussed  in  the  following  sections. 

TEST  RESULTS 

Thermal  Environment 

ULI  temperatures  measured  during  (lie  tests  are  shown  in  Figure  15°. 

CLI  data  measured  during  flight  testing  arc  also  shown.  A comparison  of 
these  data  reveals  good  agreement  during  the  heating  portions  of  the  test. 

The  peak  temperature  for  simulation  test  of  Mission  9 falls  between  the 
two  CLI  temperatures  measured  during  flight  as  was  intended.  (Up  to  this 
point,  the  CLI  temperature  had  been  taken  to  be  the  case  tem|>era turo . ) 

The  aerocooling  portion  of  the  simulation  tests  lagged  the  flight 
data,  as  was  expected.  The  test  equipment  used  COo  for  cooling  and  the  * 
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Figure  157’  Mean  Square  Density  vs  Frequency, 
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Figure  158.  Mean  Square  Density  vs  Frequency, 
Flight  10 
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valves  used  had  insufficient  capacity.  This,  coupled  wi th  the  heating 
capacity  ol  the  air  flow  system  prevented  the  temperature  of  the  flowing 
air  from  dropping  as  rapidly  as  desired,  and  there  was  a lag  lie  tween 
target  and  actual  cooling  times.  This  lag  caused  the  remainder  of  the 
simulation  test,  to  be  off  schedule.  Lag  time  for  Mission  9 (Test  2)  was 
3 minutes,  for  Mission  10  (Test  l),  6 minutes.  The  time  scale-  was 
shifted  by  the  amount  of  the  cooling  lag  time  to  demonstrate  the  quality 
of  the  later  portions  of  the  simulation  test.  Such  a shift  is  shown  in 
Figure  160.  When  shifted,  the  agreement  between  simulation  test  and 
flight  data  is  excellent. 

During  the  simulation  tests,  the  temperature  of  the  flowing  air  was 
also  measured.  This  air  temperature,  which  demonstrates  the  magnitude  of 
the  thermal  potential,  is  plotted  in  Figure  101. 

VIBRATION 

A single  vibration  spectrum  was  used  in  both  simulation  tests. 

This  spectrum,  idealized  from  the  flight  data,  was  altered  slightly  by 
the  system  being  driven.  A replot  of  the  control  accelerometer  (which 
was  mounted  adjacent  to  the  forward  lug)  output  is  shown  in  Figure  102. 

There  are  two  significant  differences  in  the  data  from  (he  flights 

and  the  control  input  vibration.  The  first  is  in  the  bandwidth  of  t In- 

data  processed  at  AFRPL  (10  Hertz)  and  of  that  used  for  input  to  the 

vibration  controller  at  Hoeketdyne  (29  Hertz).  The  second  difference  is 

in  Mi*-  acceleration  density  levels  used  as  input  and  those  replotted  from 

the  flight  tests.  This  difference  resulted  from  a misinterpretation  of 

the  flight  data.  The  computer  code  used  to  process  that  data  printed 

results  of  mean  square  acceleration  density  (power  spectral  density) 

2 , 2 / 

estimates  in  units  of  g /rad  rather  than  g /Hz.  This  difference  was  not 
discovered  until  after  the  ground  simulation  tests.  It  was  apparent  that 
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Figure  l<>-\  Mean  Square  Acceleration  Density  vs  Frequency.  Simulation 
Test  1,  Fwd  l ug  Control  Accelerometer  (llo<  ke  tdvne  :>ata  < 


the  computer  printout  was  lower  than  expected  and  comparison  of  oscillo- 
graphs of  the  flight  and  vibration  control  analog  outputs  led  to  using  a 
factor  of  2 in  setting  up  (he  control  acceleration  levels.  Thus,  the 
ground  simulation  was  still  low  by  a factor  of  about  tt  . 

A third  source  of  potential  discrepancy  between  data  processed  at 
Rocketdyne  and  at  AHUM,  lies  in  the  different  methods  of  data  process- 
ing. The  essentials  of  each  method  are  described  below. 

Itocketdyne  Analog  Processing 

Approximately  H seconds  of  data  are  processed  by  passing  them  through 
a sequence  of  2‘5-Hertz  bandwidth  filters  by  Rocketdyne 'a  method.  The 
acceleration  data  passed  through  each  filter  is  squared,  integrated,  and 
normalized  to  the  bandwidth  to  obtain  mean  square  acceleration  density 

(«2/Hz). 

AHUM.  Computer  Center  Processing 

At  the  AHUM,  Computer  Center,  analog  data  are  digitized  at  a sampling 
rate  of  1»()()0  data  points  per  second.  Tor  the  vibration  data  analysis, 
the  first  1000  data  points  (representing  0.21  second  of  data)  are  fit  to 
an  auto-correlation  function  using  Fourier  transform  methods.  The  re- 
sultant Fourier  coefficients  are  interpreted  as  mean  square  accelera- 
tion density  estimates. 

The  mam  difference  in  (he  methods  arises  from  tin*  sample  size  used 
for  the  statistical  analysis.  Within  this  limitation,  differences  in 
AFRPL  and  Rocketdyne  results  should  fall  within  the  (laussian  distribu- 
tion assumed  in  the  analysis. 
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For  subsequent  comparison  with  flight  data,  Rockctdyne  data  taken 
at  the  center  of  gravity  and  aft  lug  are  replotted  in  Figures  103  and 
1M.  Replots  of  the  AF’IU’L- processed  data  corresponding  to  the  forward 
lug,  center  of  gravity,  and  aft  lug  for  Test  1 are  shown  in  Figures  165, 
lb(>,  and  1 1» 7 - Rockctdyne  data  Irani  each  of  the  three  2-axis  accelerom- 
eters are  shown  for  Test  2 in  Figures  1(>8,  109,  and  170;  AFRPL  data  from 
the  same  accelerometers  are  plotted  in  Figures  17],  170,  and  173. 

Cables  to  the  accelerometer  located  in  the  aft  end  of  the  HDD  were 
broken  and  no  data  were  collected  during  the  ground  simulation  test. 

For  comparison  with  flight  test  data,  I lie  mean  square  acceleration  values 
at  each  accelerometer  for  the  ground  simulation  tests  are  shown  in 
Table  3<>. 

TEST  RESULTS 

Measured  l’ro|ie  1 Ian t Stresses 

Grain  instrumentation  output  was  recorded  using  the  flight  recorder 
during  the  simulation  tests.  Analog  data  i ti  the  form  of  oscillographs  and 
digital  tapes  were  produced  and  used  for  data  reduction  per  the  normal 
flight  test  analysis  procedure. 

Thermally  Induced  Stresses 


Variations  in  stress  levels  during  flight  derive  principally  from 
temperature  ex curs  1 on 3 occurring  in  the  propellant  section  and  the  ambient 
pressure  because  Lhe  diaphragm  gages  are  sealed  to  the  atmosphere.  In 
relating  measured  stresses  to  calculated  response  or  between  flight  and 
ground  tests,  it  is  important  to  account  for  differences  in  what  is  being 
measured . 


Figure  1 6^ . Mean  Square  Acceleration  Density  vs  Frequency,  Simulation 
lest  1,  rS  /.-Axis  Accelerometer  (Rocketdyne  Itata) 


Figure  104  . Mean  Square  Acceleration  Density  vs  Frequency,  Siaiulatior 
Test  1.  Aft  Lug  Z-Axis  Accelerometer  (Rocket ivne  Data) 
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Figure  10!  . Mean  Square  Acceleration  Density  vs  Frequency,  Test  1, 
tut  14,  Fwd  Lug  Z-A_\is  Accelerometer  (AFRPL  Data) 
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Figure  169  . Mean  Square  Acceleration  Density  vs  Frequency,  Test 
eg  Z-Axis  Accelerometer  (Rocketdyne  Data) 


Figure  170.  Mean  Square  Acceleration  Density  vs  Frequency, 
Aft  Lug  Z-Axis  Accelerometer  (Roeketdyne  Data) 


Figure  1|1  . Mean  Square  Acceleration  Density  vs  Frequency,  Test 
Cut  8,  FVd  Lug  Z-Axis  Accelerometer  (AFRPL  Data) 


Figure  17^  • Mean  Square  Acceleration  Density  vs  Frequency,  Test 
Cut  8,  ag  Z-Axis  Accelerometer  (AFRPI.  Data) 
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*Ma,jor  axes  of  accelerometers  are  rotated  ,ir)° 
to  major  axes  of  motor, 
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“(’al)le  to  aft  end  accelerometer  was  broken; 
values  are  noise  level  only. 
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For  a particular  to si  , data  wore  best  presented  by  normalizing  all 
responses  to  zero  at  the  initial  condition.  This  was  accomplished  by 
subtracting  the  initial  stress  level  from  all  subsequent  readings.  In 
addition,  for  the  flight  tests,  it  was  necessary  to  reduce  measured  stres 
levels  by  an  amount  equal  to  the  change  in  ambient  pressure  at  the  motor 
This  pres  sure  was  deterra i tied  by  the  altitude  ol  the  test  vehicle  and  the 
Mach  number  of  the  aircraft  Altitude-pressure  corrections  may  he  ob- 
tained from  meteorological  data  for  the  flight  area  .it  standard  atmos- 
phere tables.  The  velocity  correct  ion  was  taken  from  data  supplied  by 
A11IX'  (Mr.  Dick  Matthews)  as  shown  in  figure  17A  . 

Normalized  thermal  responses  ol  the  normal  stress  gages  for  two 
simulations  are  shown  in  figures  17r)  and  I7<>.  These  data  were  obtained 
from  the  analog  display  (oscillographs).  For  subsequent,  discussion, 
attention  will  focus  on  the  response  of  (iage  \-23,  located  near  the  mid- 
plane  of  the  DDF. 

The  uncertainty  in  the  reduced  data  is  influenced  hv  several  factor 
1 ne  I oil  1 ug  : 

1 . Accuracy  of  Redact  ion  method 

2.  System  recording  noise  combined  with  diaphragm  response 

3.  For  flight  data,  knowledge  of  local  pressure 

The  response  of  Gage  N-2">  for-  the  two  methods  of  data  reduction  is  por- 
trayed 111  Figure  1 77  f°r  Simulation  Test  I and  figure  17^  for  Test  2. 
file  two  methods  generally  agree  wit. Inn  a spread  of  ttneer I ai  11  t.v  on  the 
order  o f 0 . (i  ps  i . 

The  corresponding  (dc  normal  stress)  data  from  Flights  9 and  It)  are 
shown  in  figures  I79  and  1H0,  respectively.  fhese  plots  show  the  gage 
response  corrected  for  altitude  and  aircraft  velocity.  Results  between 
simulation  and  flight  test  compare  satisfactorily. 


POSTFLIGHT  GROUND  SIMULATION 


Following  the  twentieth  flight  test,  the  IllXi  was  returned  to  Rocket- 
dyne  for  a final  round  of  ground  simulation  of  the  flight  environments. 

Two  basic  flight  profiles  from  captive  flight  testing — loiter/dash  and 
low-speed/high-altitude  cruise--were  selected  for  simulation.  Dynamic 
inputs  were  the  highest  level  random  signals  recorded  during  supersonic 
dash  and  TFR.  These  levels  were  essentially  the  same.  The  objective  of 
these  tests  was  to  establish  the  degree  to  which  the  captive  flight  en- 
vironment can  bo  simulated  in  ground  test  equipment,  using  motor  grain 
response  as  the  evaluation  criterion. 

Four  tests  were  run  to  simulate  the  captive-flight  environment. 
Temperature  profiles  shown  in  Figures  181  and  181!  represent  the  two 
extreme  thermal  environments.  The  control  random  vibration  levels  are 
shown  in  Figure  183  and  184  for  the  X-axis  {in  the  plane  of  the  aircraft 
wing)  and  Z-axis  (perpendicular  to  the  plane  of  the  wing),  respectively. 
Tile  control  accelerometer  was  located  at  the  center  of  gravity  of  the 
missile  where  the  derived  levels  were  obtained  during  flight.  A direct- 
connecting  port  to  the  shaker  driver  was  used  for  the  Z-axis  test.  The 
missile  was  mounted  in  the  launcher  ejector  as  in  flight  and  the  launcher 
was  driven  by  the  shaker  for  the  X-axis  test.  Summary  data  plots,  Figures 
185  through  188,  show  that  the  temperature  and  stress  gage  histories  were 
well  simulated.  The  hoop-direction  clip  gage  gave  much  lower  response 
than  during  flight,  but  the  fact  that  it  gave  no  reasonable  response 
during  Simulation  Test  2 raises  doubts  concerning  its  functionality  during 
these  tests. 


Dynamic  response  is  summarized  in  Table  31.  Data  for  Test  4,  Condi- 
tion lA , are  obviously  not  for  a static  condition.  These  data  were 
actually  recorded  after  test  start-up.  Condition  1A  for  the  other  three 
tests  reflect  system  response  to  a static  condition  and  define  the  noise 
level  of  the  overall  system.  The  true  dynamic  gage  response  is  most 
nearly  reflected  in  the  ac  component  record  and  is  seen  to  be  on  the 
order  of  < 0.5  psi. 
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LA  BI  T Al  SUM'IARA  (II  DIN  AM  I C RESPONSE  OF  MIX'  TO  POSTF1  ! GUT 
GHOFND  ^IMITATION  TESTING 


Again,  the  data  show  an  adequate  simulation  of  the  flight  environ- 
ment. Testing  in  either  axis  yielded  significant  loading.  The  system 
is  such  that  the  primary  loading  may  be  presumed  to  he  vertical  with 
cross-axis  response  resulting  from  the  "looseness"  in  the  mounting.  Com- 
parison of  ground  test  data  wi th  that  from  the  flight  tests  shows  higher 
response  (acceleration)  at  the  lugs  and  lower  response  at  the  aft  end  of 
the  missile  during  ground  simulation  with  missile  center  of  gravity  as 
the  control  location.  This  suggests  that  the  primary  source  of  dynamic 
load  is  from  the  air  flow  around  the  missile  with  loads  transmitted  from 
the  missile  to  the  aircraft  wing.  The  ground  simulation  is  based  on 
driving  through  the  missile  hanger  into  the  missile. 
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MOTOR  SECTION  SI  Ml  I ATI  ON  TESTING 


From  the  standpoint,  of  propulsion  unit  qualification,  the  test  arti- 
cle is  the  motor  rather  than  the  entire  missile.  For  purposes  of  trans- 
lating flight  lest  results  into  a type  test  for  a rocket  motor,  simula- 
tion testing  was  conducted  on  the  motor  section.  A local  data  record  of 
the  stress  sensors  and  duplicate  accelerometers  was  made.  The  test  and 
results  are  discussed  here. 


TEST  SET-lip 

On  the  HOI  , the  aft  section,  which  simulates  the  solid  rocket  motor 
propulsion  unit  of  a tactical  missile,  is  located  behind  all  missile 
support  points.  Thus,  in  Night,  all  load  transference  between  the  motor 
and  the  rest  of  the  missile  is  through  the  clamp  that  attaches  the  motor 
section  to  the  missile.  For  ground  simulation  testing,  a vibration  fix- 
ture was  modified  to  permit  driving  the  motor  in  a transverse  direction 
through  the  mating  clamp.  Input  vibration  control  levels  were  measured 
at  the  clamp  plane  that  nearly  coincides  with  the  center  of  gravity  ol 
the  MIX  . Thus  center-o  I'-grav  i ty  vibration  levels  were  used  as  input. 

The  test  set-up  is  shown  in  Figure  18'). 

TEST  I. Mi 

Ail  testing  (vibration)  was  conducted  al  ambient  temperature  ( to 
HU  F)  since  thermal  load  simulation  was  adequately  deiic  -trated  during 
the  all-up  missile  simulation  testing.  A 0.3-g  sine  sweep  from  10  to 
2000  Hertz  was  conducted  to  identify  peak  grain  response  frequencies. 
Random  vibration  was  conducted  using  the  input  levels  at  the  center  of 
gravity  as  shown  in  Figure  183.  These  levels  were  subsequently  doubled 
and  quadrupled  to  measure  linearity  of  response  and  to  identify  noise  vs 
true  response.  All  input  control  was  in  the  /-axis  of  the  motor  (corre- 
sponding to  vertical  loading  on  the  wing-mounted  missile). 
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TEST  H ESI  r ITS 

Tin-  0.7-g  sine  sweep  indicated  three  frequencies  of  significant  re- 
sponse for  tlie  grain  stress  gages.  From  a nominal  level  of  0.1  to  0.2 
millivolts,  the  stress  gage  responses  rose  to  the  values  listed  at  the 
indicated  frequencies  in  Table  32.  Accelerometers  mounted  in  the  aft 
end  of  the  motor  section  (top  end)  confirm  this  response.  The  amplitude 
ratios  ( top  to  control)  for  the  driven  (Z-axis)  and  cross  (\-axts) 
accelerometers  are  listed  in  Table  33. 

TAHI.E  32.  0.3-g  SINE  SUIN’  II ESI  I IS 
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observed  in  the  random  tests.  The  mis  millivolt  response  of  each  of  the 
Five  functional  stress  gages  at  the  three  key  frequencies  are  listed  in 
Table  54.  Within  the  vagaries  of  random  vibration  response,  the  88-  and 
204-Hertz  excitations  produce  un  approximately  linear  stress  response 
with  input  level.  The  150-Hertz  stress  gage  response  is  less  directly 
coupled  to  the  input  level  at  that  frequency. 

TABLE  34.  MOTOU-ONLY  SIMULATION  TEST  IlKSI  I IS 


frequency, 

Control  f rms  Resnonsu 

, HIV  * 

"rms  gH 

11/ 

Level 

\-  18 

N-22 

N-23 

N-24 

N-2<> 

Input  j 

j 88 

J 
• » 

4 



0.07 
0.08 
0.  i<> 

0. 04 
0. 05 
0.09 

0.  14 
0.  14 
0.5<' 

0.  00 
0.  lit, 
0.  1 ’1 

o.n1 
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=1 
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0.079  j 

0.150  l 

no 

■ 

1 

*) 

* -j 
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0.442  j 
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0 . 24 
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0. 17 
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0.  50 
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i 

0. 507  ; 
0. 502  j 

(iage  sensitivities  are  ■-  1.0  mv/jisi  , therefore,  rms  m\ 
readings  are  ajiproximate  dynamic  stresses. 
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Whereas  extensive  s tuil i ps  of  motor  storage  cnv  1 rnnments  liavo  given 
a plausible  foundati  on  to  motor  qualification  tost  simulation  lor  the 
s torage  environment,  no  similarly  extensive  data  set  exists  tor  tlie  (ac- 
tive flight  environment. 

The  external  p.vJon  carriage  is  a relatively  sex  err*  environment  and 
is  well  characterized  by  l’ro.jecl  KAMI.  Since  I )AM I is  eondueted  in  a 
semi - tropi cal - to- temperate  environment,  the  thermal  extremes  (acrohcul- 
rng)  measured  must  lie  taken  as  relative  and  applied  to  possible  starling 
points  in  the  other  climatological  regions.  Observations  over  a variety 
of  conditions  generally  yield  the  same  result --a  200  I temperature  rise 
in  (>  to  12  minutes  of  high-speed  flying.  flic  maximum  rate  of  cooling 
(and  its  effect  on  die  propellant  gram)  has  been  measured.  The  cooling 
rate  does  not  appear  to  significantly  influence  grain  response  of  this 
sys tom . 

Dynamic  levels  measured  at  the  missi le  renter  ol  gravi i\  are  some- 
what lower  than  those  inferred  from  general  statements  of  captive-flight 
environment.  They  are,  nonetheless,  realistic  and  provide  a distribution 
over  the  frequency  range  of  interest  (2  to  2000  llert/.).  A generous 
amount  ol  flight  time.  1000  hours  in  r>  years  of  service,  lias  been  jioslu 
lated.  II  would  be  prohibitively  expensive  to  conduct  (his  amount  ■' 
testing.  Acceleration  is  achieved  In  emphasizing  the  extreme— in  till' 
ease  hv  raising  the  mis  level  of  random  vibration  input  while  maintain 
mg  peak  levels  neai  their  actual  values.  Since  this  is  basically  a 
fatigue  problem,  an  application  of  a hypothetical  S-\  curve  would  provide 
the  necessary  ratio  to  reduce  the*  desired  vibration  time  from  1000  to 
I tit)  hours . In  i In*  ab.-euc  e of  an  S-\  curve  for  the  HAMI-IIM  in>*rt  pro- 
pellant flic*  relaxation  Hindu  I iis-v  s- | og  lime*  curve'  -ub-i  i luic**  . I lie  log- 
log  slope  of  Jog  I vs  log  t is  about  0.  1%.  In  obtain  the  same*  damage 
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111  (I  N)  ol  the  n umber  cycles  one  would  need  an  amplitude  A'  relative 
to  actual  amplitude  A of: 


F or  a 1/10  reduction,  N 10  and  the  amplitude  must  he  enhanced  alien  i 
1 . 6 times . 


Since,  tor  a given  system,  the  exact  shaping  of  the  dynamic  load 
is  determined  only  in  flight,  a somewhat  rouservati ve  approach  to  qua  I 
testing  would  involve  determining  (he  characteristic  .espouse  lor  fre- 
quencies of  the  motor  (resonances)  by  use  of  a sine  survey.  llandoni 
vibration  hands  inclusive  of  these  resonances  would  he  further  enhanced 
b\  a factor  equal  to  the  amplification  ratio;  while  non-resonance  baud- 
would  be  suppressed  to  achieve  a constant  mis  g level  total  (constant 
total  area  under  the  PSL)~vs-f  requency  curve). 


Sl’UtUUs  ql  \|  HIST 

As  a means  of  comparing  the  result  of  the  MX  program  with  the  re- 
quirements ol  Ml  L-STD-8 1 0(  , wh  i cli  defines  the  vibrafion  envi  roninent  for 
mos  t tac  1 1 c a I air— launched  rockets,  we  preseul  iwo  examples. 

i'he  MX  and  Sparrow  both  fall  into  the  category  of  Internal  stores 
Carried  on  Airplanes  aiuf  are  I rixi  led  in  aeeordaiu  e with  I’ar  I r)\h  .'2.  lYo- 
cedure  lilt  ol  Ml  1,-S  fli-Kl  DC . from  '(able  "il’i  JIV  of  that  doeniiien  I . we 
obtain  the  governing  equations: 

Cut-oJ'l  frequency  for  high  end,  f(  JO’  (t  If-)  ||/  (I) 

where  l ease  thickness,  in.  and  It  motor  radios  m 
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Low  frequency  amplitude  W.  ('))(!<)  * ) ( N/3  T ) * ' 1 


( 


where  N maximum  tiumher  of  anti  < i pa  ted  service  missions  anil 
T test  lime  per  axis  in  hours  (for  functional  test, 

N 3,  T I ) 

II  i «h  frequency  amplitude:  (3)(|f>  ’ ) (q  / p )“(n/3T)  ' ' ’ g-  11/  ( 

where  q maximum  flight  dynamic  pressure  in  Ih/sq  it  and  | = average 

store  weight  density  in  ih  <u  ft.  For  endurance  test,  q is 
taken  lo  he  1200  Ih  sq  fi  and  for  the  functional  test,  q is 
taken  to  lie  lHiio  Ih  -q  It.  Special  ad. jus  (men  ts  require  multiply 
ini'  the  result  from  Iq.  3 hy  'i  when  testing  the  motor  section. 


for  till1  t w o systems,  we  obtain  the  following  basil  results: 
I All!  I 33.  V I IIIIATI  ON  i W LHONMIXT  ( OMI'AJtl  s()Na 
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"in  both  cases,  the  UAME  observation  anil  the  Ml  1,-STD-HI 0i:  requires  colmneemenl  ol 
the  random  curve  according  to  observed  resonances  tor  the  unit  testing  under 
MI  Ij-STI>-H10(  is  ut  constant  temperature,  1IAMK  include  aeroheal  response. 

^ I n the  RDt  data,  a second  cut-off  occurs  at  about  800  llertz.  I'rocu  HOI’  to  LMioO 
Hertz,  the  PSD  level  rises  from  V,,  to  approximately  equal  to  V ^ 

fhe  essence  of  the  comparison  is  that  for  frequent  ies  below  Mill  Her  tv 
little  change  is  observed  between  the  two  environments.  For  frequencies 
above  AHO  Heel/.,  however,  the  Ml  1 -STD-  8 1 (Mi  requires  a significantly 
higliei  input.  In  terms  of  effect  on  a rise-bonded  solid  propellant  motor, 
the  difference  is  not  critical.  for  components  sensitive  to  high- 
frequency,  the  differences  could  become  important 


-<>7 


Page  2<>8  is  blank 


w 


COM  LUSJONS 

Success  of  the  BI)I.  program  must  lu*  measured  w i tli  a viev>  to  its 
impact  on  future  environment  definition  and.  ultimately,  rocket  motor 
cost  quality  improvement. 

Through  effort  expended  on  this  program  advances  were  made  m the 
areas  of  rocket  motor  loads  definition  and  determination  ol  captive- 
flight  response.  Jt  was  also  demonstrated  that  these  loads  and  re- 
sponses can  be  simulated  with  vibration  and  aeroheat  facilities  to  the 
extent  that  flight  loads  ran  be  imposed  on  the  rocket  motor. 

From  the  multiplicity  of  flights  flown  to  basic  conditions  (alti- 
tude and  aircraft  velocity)  representative  of  "typical  missions,  an 
average  response  can  be  elicited  as  shown  hi  Figures  I'M.  I'll,  and 
1')-.  Figure  LOO  depicts  a temperature  profile  foi  a mission  that  in- 
cludes loiter  at  35,000  feet,  dash  to  Mach  2 at  about  'i 0,000  feet,  and 
T I'll  at  500  feet  above  ground  level.  \ pprox i mu te  extremes  are  indicated 
on  the  figure. 

Figure  1<J]  depicts,  in  general  terms,  the  vibration  response  at 
the  renter  of  gravity  of  the  missile.  \n  application  of  this  spectrum 
is  discussed  in  MOTOR  01  M.  \ !•  1 1 A 1 I ON  TFST  Section. 

Figure  19-  depicts  the  nominal  1101  grain  response  to  flight  condi- 
tions. Stress  '‘train  levels  to  wliiih  tile  lil>U  was  subjected  in  flight 
were  not  intti.il  — the  motor  has  exhibited  no  failure  through  the  years 
of  t es 1 1 ng 

Ihe  investigation  begun  here  should  he  extended  to  etm  - out  puss  flying 
actual  motors  to  accumulate  a reserve  of  data  I ha t will  permit  reliable 
< haruetei  i /.at  ion  o|  the  rapt  i ve-f  | i ght  environment  to  permit  realistii 
ground  - i mu  la 1 1 mi  during  future  motor  development  efforts  Ihe  potential 


'J(i') 


for  significantly  higher  dynamic  loads  exists  with  aimall  of  the  7Gs 
such  as  the  F-15.  As  a potential  test  vehicle,  an  inert  instrumented 
SPARROW  (Mh  18  Mod  ’i)  lias  been  fabricated  and  will  be  flight  tested  in 
the  future  to  build  on  the  information  presented  here. 
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(iAGI  CALI  KliU  lON  DATA 
The  rims  lot  s 

Thin  film  thermistors  or  "thinistors " on  a nickel  foil  substrate  wore 
used  in  the  111)1  to  monitor  temperature*  at  a precise  radial  location  within 
the  (Train  and  to  obtain  an  extremely  rapid  response  time.  Thermistors  in 
the  grain  were  1000-ohm  VKCO  FM3C22.  Higher  resistance  7000-ohm  VFCO 
FN7C23  thermistor-  were  used  to  monitor  case/liner  interface  temperature. 

The  thermistors  were  connected  with  three  resistors  to  form  a bridge 
circuit  as  shown  in  Figure  A-t  (a)  and  (l>).  The  bridge  circuit  was  -ap- 
plied from  the  28-volt  regulated  voltage  supply  through  a dropping  rosi-- 
tor.  The  circuit  for  the  grain  thermistors  was  arranged  to  yield  an  out- 
put between  ~ 70  and  250  millivolts  for  the  expected  tempera  ture  range  of 
-70  to  1 bt)  K. 


The  circuit  for  the  ease  thermistors  was  arranged  to  measure  high 
temperatures  (above  100  t)  and  still  yield  an  output  in  the  same  range 
(-300  to  100  millivolts).  The  device-  were,  however,  calibrated  over  the 
entire  range  from  -70  to  Kill  1 and  produced  a large  negative  output  (~  1.0 
volt)  at  the  lower  temperatures. 


Data  obtained  during  isothermal  tests  with  the  grain  cast  in  place 
are  presented  in  Tables  A-l  and  -2  and  in  Figures  A-2  through  -b . Gen- 
erally, the  data  were  consistent  and  good,  i.e.,  thermistor  circuits  gave 
similar  outputs  at  given  temperatures.  Interpretation  of  thermistor  out- 
put was  straightforward  and  unambiguous.  Output  signal-  in  millivolts  ma\ 
be  read  directly  in  terms  ut  temperature  from  the  curves  in  Figures  A-2 
through  -t>. 
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TABLE  A-l . THERMISTOR  CIRCUIT  OUTPUT  SIGNALS  AS 
FUNCTION  OF  TEMPERATURE 


Output,  mv 


160  F 

114  F 

65  F 

60  F 

36  F 

-21  F 

Grain 

Thermistors 

I 

64.5 

38.6 

-36.1 

-43.2 

- 98.0 

^^§jj 

-253 

•> 

54.  6 

17.6 

-(.2.1 

-71.9 

-118.0 

MSB 

-258 

3 

35.6 

25.9 

-(.8.6 

-76.1 

-120.0 

-221 

-258 

5 

67.3 

46.5 

-20.1 

-24.9 

- 71.0 

-193 

-240 

0 

45.3 

0.39 

-85.0 

-92.7 

-150.0 

-230 

-253 

9 

56.3 

19.9 

-48.2 

-56.5 

-114.0 

-219 

-249 

10 

65.6 

44.0 

-26.5 

-33.8 

- 74.0 

-182 

-228 

11 

49.2 

10.2 

-61.2 

-69.8 

-119.0 

-207 

-238 

12 

08.8 

44.1 

-17.5 

-24.5 

- 71.0 

-180 

■ 

13 

65.8 

38.2 

-30.0 

-37.0 

- 88.0 

-198 

1 

1<> 

66.3 

44.5 

-25.8 

-28.0 

- 70.0 

-184 

17 

08.8 

49.0 

-14.6 

-17.6 

■ 

-174 

181 

»> 

Sec  Table  A-2 

20 J 

pg 

47.6 

10.3 

-74.8 

-75.2 

-133.0 

-216 

-238 

59.0 

31.5 

-20.1 

- 40.5 

- 75.2 

- 85.3 

M 

60.1 

30.5 

m 

-47.7 

- 97.1 

-201 

-237 

Case 

Thermistors* 

A 

81.0 

IB 

495 

536 

080 

1000 

1125 

B 

71.1 

1 

447 

484 

045 

991 

c 

91.5 

209 

527 

504 

692 

1042 

1144 

D 

89.1 

227 

493 

538 

675 

995 

1098 

Note  change  in  sign 
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TABLE  Aril.  THERMISTOR  CIRCUIT  OUTPUT  SIGNALS  AS  FUNCTION  OF 
TEMPERATURE  (Revised  Data  for  Thermistors  IS, 

19,  and  20) 


Thermistor 

Number 

Output,  mv 

191 

usu 

UsMMlM 

mam 

mSMM 

mam 

SOM 

18 

20* 

-11.  A 

-A3 

- 92.7 

-191 

-2 38' 

-253* 

19 

20* 

-12.7 

-'.2 

- 9A.3 

-193.8 

-202 

-2  A A 

-25<> 

20 

12.5* 

-19.8 

-00 

-11A.9 

-208 

-223 

-257 

-270 

* 

Estimated  values 


Temperature , deg  F 


Figure  A-2.  Thermistor  Calibration,  Thermistors 
i,  2,  3,  and  5 
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Figure  A-5.  Thermistor  Calibration,  Thermistors 
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Figure  A-6.  Case  Thermistor  Calibration  Curves 
A,  B,  C,  and  I) 

Surface  Strain  Sensors 

Two  clip-type  gages  using  semiconductor  elements  were  mounted  in  the 
middle  of  the  bore  of  the  inert  propellant  grain,  one  gage  to  measure  hoop 
strain  and  the  other  to  measure  longitudinal  strain.  The  mounting  system 
is  shown  in  Figure  A-7.  Two  steel  mounting  pins  for  each  gage  were  pushed 
into  the  bore  of  the  grain  and  bonded  in  place.  The  clip  gages  were  then 
fitted  over  the  pins  and  secured  with  small  amounts  of  epoxy  adhesive. 


A- 9 


Clip  Gage 


Figure  A-7.  Method  of  Mounting  Clip-Type  Surface 
Strain  Gages 

The  electrical  circuit  used  with  the  clip  gages  is  shown  in  Figure 
A-8.  The  two  semiconductor  strain  gages  mounted  on  the  clip  gage  form  two 
active  elements  of  the  bridge  circuit,  and  the  bridge  is  supplied  from  the 
28-volt  regulated  supply  through  a 13K  ohm  resistor. 
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Case  Strain  Gages 

Standard  1120-ohm  foil  strain  gages  were  bonded  to  the  interior  sur- 
face of  the  aluminum  case  before  the  grain  was  cast.  Two  gages  were 
mounted  in  the  hoop  direction  and  two  in  an  axial  direction.  The  gages 
were  connected  in  a bridge  circuit.  Those  gages  ure  not  influenced  by 
changes  in  propellant  modulus  and,  therefore,  will  operate  without  signi- 
ficant change  at  low  temperatures.  Thus , the  case  struin  gage  bridge 
output  may  be  used  to  determine  pressure  on  the  case  at  low  temperatures 
when  the  propellant  grain  becomes  rigid. 

Figure  A-9  shows  the  circuit  used  wi  tli  the  ease  strain  gages.  A 
four-arm  active  bridge  circuit  was  used  and  was  supplied  from  the  28-volt 
supply  through  a 510-ohm  dropping  resistor. 

Surface  Strain  Gage  Calibration  Data 

* Table  A-3  shows  calibration  data  obtained  by  subjecting  the  clip 

gages  to  known  deformations  at  a series  of  temperatures.  The  data  are 
Pi  otted  as  gage  output  vs  gage  length  in  Figures  A-10  and  -11.  These 
curves  show  that  the  clip  gages  did  not  work  properly  at  the  higher  tem- 
peratures. Apart  from  this  high-tempera ture  problem,  the  clip  gages  were 
extremely  sensitive  although  output  signal-gage  length  curves  are  not 
precisely  linear  over  the  wide  range  of  strains  adapted  during  the  cali- 
bration tests.  However,  bore  strains  in  the  Iil)U  were  not  expected  to 
approach  the  ± 25/6  strain  to  which  Gage  1 was  subjected  nor  the  ± 17^- 
strain  to  which  Gage  2 was  subjected.  Calibration  curves  over  the  strain 
range  of  interest  (0  to  10^6)  are  essentially  linear  in  form. 

. Again,  interpretation  of  gage  output  signals  is  straightforward  if 

the  temperature  of  the  gage  is  known.  The  gage  length  corresponding  to  a 
given  signal  may  be  found  by  using  the  correct  temperature  curve  interpo- 
lated from  Figures  A-12  und  -13. 
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Figure  A-9.  Case  Strain  Gage  Circuit, 
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Figure  A— 12.  Surface  Clip  Gage  1,  Millivolts  vs 
Temperature 
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Case  Strain  Gage  Calibration  Data 

Calibration  data  obtained  from  the  foil  strain  gage  bridge  circuit 
mounted  on  the  case  during  pressurization  tests  before  the  grain  was  east 
are  given  in  Table  A-A  and  plotted  in  Figures  A-14  (a)  and  (b).  The  gages 
appeared  to  give  rational  data  at  moderate-to-high  temperatures  only.  At 
low  teoqicratures  the  bridge  output  became  progressively  smaller  until 
virtually  no  signal  was  obtained  at  -60  F. 


TABLK  A-A.  CASE  STRAIN  GAGE  CALIBRATION  DATA  IN  MILLIVOLTS 


Temperature,  deg  F 


Figure  Cane  Strain  Oage  Calibration  Data 
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Interface  Normal  Stress  Sensors 

Konigsberg  Instruments  P14B-lf)0-ps i diaphragm  ease  was  used  to 
measure  normal  interfacial  stress.  Sensitivity  of  the  page  does  not 
change  significantly  when  embedded  in  rubber-based  composite  propellants 
and  tested  at  temperatures  as  low  as  -65  F.  The  Konigsberg  P14II  gage  con- 
tains four  semi-conductor  strain  gage  elements,  two  on  each  side  of  the 
diaphragm,  wired  to  form  a four  active-arm  bridge  circuit  as  shown  in 
Figure  A^15.  A dropping  resistor  of  approximately  5.<>  K ohms  is  used  with 
a 128-volt  power  supply.  Various  scries  and  shunt  resistors  give  a low 
zero  shift  with  temperature  and  an  almost  constant  sensitivity.  Kaeh  gage 
is  individually  tempera ture-compensa ted. 

The  normal  stress  sensors  were  calibrated  with  the  gages  bonded  in 
place  inside  the  BDF  case  and  surrounded  by  inert  propellant  of  approxi- 
mately 1.5-inch  radius.  Pressure  steps  were  applied  to  the  gage- 
propellant  systems  and  the  gage  output  signals  were  recorded.  By  conduct- 
ing the  pressure  calibration  tests  at  a series  of  temjicratures , the  gage 
zero  shift  and  sensitivity  to  pressure  were  obtained  across  the  tempera- 
ture range  154  to  — (>B  F. 

Table  A-5  and  Figure  A-16  show  the  complete  calibration  data  obtained 
for  Gage  18  at  temperatures  between  154  and  -(18  F and  pressures  from  zero 
to  50  p»i.  Data  from  the  other  five  gages  are  similar.  Because  the  out- 
put signal -pressure  data  are  linear  they  may  be  described  in  terms  of  the 
output  signal  at  zero  pressure  (the  thermal  zero  signal)  and  the  sIojk-  of 
the  line  (gage  sensitivity,  inv/psi).  Sensitivities  and  thermal  zero  sig- 
nals for  the  six  gages  arc  given  in  Tables  A-b  and  -7,  respectively.  The 
variation  in  zero  signal  is  plotted  as  a function  of  temperature  in  Figure 
A -17;  gage  sensitivities  vs  temperature  are  plotted  in  Figure  A-18. 
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Figure  A-i  r> 


Typical  Kunigsbcrg  I’l'iH,  lr>«-psi  Diaphragm 
(iage  Circuit 


TABLE  A-5.  PRESSURE  CALIBRATION  DATA  (IN  MILLIVOLTS) 
FOR  150  re  I NORMAL  SOI  ESS  GAGE  IS 


Temp, 

Pressure,  psi 

deK  F 

o 

10 

20 

30 

40 

50 

154 

- 7.20 

3.10 

14.30 

25.1 

H 

36.5 

47.9 

122 

-12.36 

- 2.09 

9.33 

20.0 

31.9 

43.3 

74 

-20.3 

- 9.90 

1.21 

12.5 

23.3 

34.9 

48 

-21.0 

-10.90 

0.41 

10.82 

21.0 

32.9 

17 

-23.  A 

-13.0s 

-3.08 

7.53 

18,0 

28.9 

-11 

-21.5 

-12.82 

-2.90 

7.34 

17.7 

27.8 

B 

-17.7 

-11.18 

-1.7H 

7.78 

10.0 

20. 0 

E9 

-19.31 

-1 1 . IS 

-3.42 

5.07 

13.0 

22.7 
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Temperature , deg  F 

Figure  A-18.  Normal  Stress  Gage  Sensitivities  to  Pressure 
vs  Temperature 

For  many  isothermal  loading  conditions  with  the  HIM  , the  sensitivity- 
temperature  curves  of  Figure  A-1H  will  enable  the  gage  -i  gnu  Is  to  lie 
interjireted  directly  as  stress.  It  is  essential  to  measure  the  gage  out- 
put signal  from  the  zero  reading  for  the  particular  temperature  being  con- 
sidered, i.e.,  the  zero  signal  curves  of  Figure  A-17.  The  difference 
between  the  measured  output  and  the  zero  signals  represents  the  signal  due 
to  stress,  which  is  then  divided  by  the  sensitivity  (from  Figure  A-18)  to 
obtain  stress. 


I 
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For  such  long-term  problems  as  cooling  or  heating  or  lor  the  highct 
frequency  dynamic  testa,  the  gage  sensitivity  curves  as  a function  of 
temperature  should  not  be  used  to  interpret  the  gage  data.  Because  of 
the  viscoelastic  propellant  response,  both  temperature  and  time  (or  fre- 
quency) must  be  considered  in  the  data  analysis.  The  use  of  sensitivity 
curves  plotted  against  log  reduced  time  (log  t/a,j,)  or  reduced  frequency 
(j)  a,p)  is  recommended  for  these  problems. 

A reasonably  accurate  conversion  be  tween  the  temperature  curves  and 
the  reduced  time  curves  may  lie  made  by  assuming  that  the  time  interval 
involved  in  applying  the  step  pressure  was  1 minute  (reasonably  close  to 
reality).  Then  the  value  of  log  t 0 and,  therefore,  log  (t/a^,)  becomes 
simply  - log  a_,. 

The  correlation  lietwcen  temperature  and  reduced  time  is  given  in 
Table  A -8  where  the  values  of  log  a,j,  for  the  inert  propellant  batch  used 
in  the  BIX)  are  those  obtained  in  a Structural  Test  Vehicle  (S1V)  program. 
Those  values  were  obtained  during  isothermal  calibration  tests  of  a 150- 
psi  diaphragm  gage  in  a simple  uniaxial  test  fixture. 


tabij:  a-h.  approximate  conversion  of  TEMi’FJtvnmj;  to 
LOGARITHMIC  REDUCED  TIME 


Temp,  deg  F 

Log  id  ay' 

Log  t** 

Log  t/af,  min 

15 4 

-1.80 

° 

1 .80 

122 

-1.10 

0 

l . 10 

7^ 

0 

0 

0 

48 

MEM 

0 

-0.75 

17 

B9 

0 

-1.75 

-11 

0 

-2.85 

-52 

■ 

0 

-5.10 

-t>8 

WEM 

0 

-<>.50 

Loading  time  assumed  to  lie  1 minute 
Data  from  STV  program 
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Figure  A-l  9 shows  the  normal  stress  gage  sensitivities  as  functions 
of  reduced  time,  using  the  conversion  of  Table  A-8. 

The  STV  tests  on  a 15*1— psi  normal  stress  sensor  embedded  in  a uni- 
axial test  fixture  showed  that  the  gage  is  slightly  more  sensitive  to 
hydrostatic  pressure  than  to  uniaxial  tension.  This  was  also  determined 
by  analyses.  It  appears  that  if  the  gage  sensitivity  to  pressure  is  1.13 
mv/psi,  then  its  sensitivity  to  uniaxial  tension  is  1.10  mv/psi,  i.e.,  ~ 
<)3‘«'  of  the  hydrostatic  pressure  sensitivity.  Therefore,  the  gage  sensi- 
tivities to  pressure  plotted  in  Figures  A-1H  and  -19  should  be  reduced  by 
to  determine  the  normal  tensile  stress  component  at  the  111)1  case-grain 
interface . 


Interlace  Shear  St  less  Sc nsors 


Two  types  of  embedded  shear  stress  measuring  gages  were  used  in  the 
111)1  : the  shear  cube  and  the  bending  beam  shear  gage.  Two  of  the  shear 

cubes  (I'JQA  and  l-Oll)  contained  foil  strain  gages  as  active  elements  while 
the  third  shear  cube  (SIIL!)  contained  semi-conductor  strain  gage  elements. 
The  fourth  shear  gage  (101)  contained  a metal  foil  bending  element,  with 
semi-conductor  strain  gages  attached  to  both  sides.  Under  shear,  the  foil 
beam  bends,  producing  an  elongation  in  one  gage  element  and  a contraction 
m the  other  element. 


The  magnitude  of  the  shear  stresses  to  be  obtained  as  a result  of 
tiler  mil  loads  plus  flight,  loads  cannot  be  estimated  with  any  precision. 
Consequently,  the  comparatively  insensitive  foil  gage  shear  cubes  and  the 
bending  beam  shear  gage  were  included  in  the  BDIi  (o  measure  large  shock 
stresses  that  could  break  the  more  sensitive  semi-conductor  type  gages. 
(Another  semi-conductor  gaged  shear  cube  (sill)  broke  during  the  casting 
and  mandrel  extraction  operations.) 
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Bridge  circuits  for  the  three  types  of  shear  gages  used  in  the  BDU 
arc  given  in  Figure  A-20.  All  three  circuits  are  powered  through  dropping 
resistors  from  the  2H-volt  supply  line.  No  temperature  compensation 
devices  were  used  with  the  shear  gage  circuits. 

The  shear  gages  were  calibrated  while  cast  in  a double  overlap  shear 
fixture.  Constant-load  creep  tests  were  conducted  at  constant  tempera- 
tures between  150  and  -47  F. 

Unlike  the  normal  stress  gages,  that  have  an  almost  constant  sensi- 
tivity across  the  temperature  range,  the  shear  gage  response  to  stress 
varies  uvirkedly  with  temperature  and  with  time.  Therefore,  although  the 
gage  zero  signals  are  functions  of  temperature,  the  shear  gage  sensiti- 
vities have  to  be  plotted  against  log  reduced  time.  The  zero  load  signals 
for  the  four  gages  are  given  in  Table  A-')  anil  the  data  are  plotted  against 
temperature  in  Figure  A-21.  The  zero  shift  of  the  shear  gages  using  semi- 
conductor elements  (101  and  SH2)  is  greater  than  that  for  the  foil  gage 
shear  cubes  IL’OA  and  120B.  (This  zero  shift  could  have  been  greatly 
reduced  by  proper  temperature  compensation.) 

Shear  gage  sensitivities  are  given  against  log  reduced  time  in 
Figures  A -2 2 and  -21 , which  show  that  shear  gage  itata  are  not  as  precise 
and  repeatable  as  the  other  gage  data.  The  semi-conductor  gaged  sensors 
SII2  and  101  give  the  best  calibration  data.  SII2  is  useful  across  the 
whole  tempera t ure  range  whereas  101  gives  poor  data  above  % F.  The 
presence  of  the  metal  foil  in  gage  101  produces  a much  larger  signal 
attenuation  at  low  temperatures  than  is  obtained  with  the  shear  cube  SH2. 
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(c)  Bending  Beam  Shear  Gage  Circuit  (#101 ) 
Figure  A-iiO.  Shear  Gage  Circuits 
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Figure  A-lil . Gage  Signal  vs  Temperature 
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FiRure  A-23.  Shear  OaRes  101  and  120B,  Response  vs 
Lor  Reduced  Time 
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Sensitivity  data  obtained  from  Gages  120A  and  1201)  show  considerable 
scatter  and  irregularity.  Two  causes  of  the  data  scatter  were  determined 

1.  Zero  drift  in  the  digital  millivoltmeter  used  to  measure- 
gage  output 

2.  Temperature  changes  due  to  self-heating  of  the  gages 

The  meter  zero  drift  caused  the  data  scatter  at  short  times,  which  is 
particularly  evident  in  the  120B  shear  gage  data.  The  meter  drift  was 
only  1 to  2 millivolts,  but  this  was  a significant  fraction  of  the  output 
signal . 

The  dashed  curves  shown  in  Figures  A -22  and  -21  are  the  suggested 
calibration  curves  for  the  shear  gages  based  on  available  data.  Gage 
sensitivity  data  for  the  shear  gages  have  not  been  recorded  in  a table 
because  the  precision  of  the  data  would  not.  warrant  a computer  program 
fit.  Zero  signal  readings  are  given  in  Table  A-9  as  a function  of  tem- 
perature and,  as  the  curves  given  in  Figure  A -2 1 show,  the  zero  signal 
data  are  rational  and  repeatable . 

HIM'  INSTRUMENT!!)  LAUNCHER  CALIBRATION 

The  MAU-12A/C  launcher  (hat.  supported  the  HDU  in  flight  was  instru- 
mented at  several  compliant  (joints  to  measure  the  in-flight  load  trans- 
fer between  the  HDU  and  aircraft  wings.  Problems  associated  with  this 
instrumentation  were  corrected  during  the  interim  ground  test  effort 
conducted  at  Rocketdyne.  Following  the  replacement  of  gages  where 
required,  the  instrumented  launcher  assembly  was  recalibrated.  The  fol- 
lowing discussion  describes  the  support  system,  i t.s  instrumentation,  and 
the  results  of  the  calibration. 


The  HDU  support  consisted  of  a two-lug/hook  system  for  transferring 
motor  weight  to  the  launcher  and  two  sway  braces  to  provide  lateral 
stability.  Locations  of  the  contact  points  are  indicated  in  Figure  A-LJ'i. 
The  forward  lug  was  pivoted  to  allow  motion  along  the  missile  longitudinal 
axis;  while  the  aft  lug  was  rigidly  attached  to  the  HDU.  Descriptive 
sketches  of  the  lugs  are  shown  in  Figure  A-25.  The  sway  braces,  fore  and 
aft,  were  identical  (Figure  A-2b)  and  maintained  contact  with  the  HDU  by 
friction  between  the  missile  skin  and  threaded  pads  of  the  braces.  When 
the  motor  was  attached  to  the  launcher,  the  sway  brace  pads  were  tightened 
from  one-half  to  one  turn  beyond  initial  contact.  This  loading  resulted 
in  an  .additional  tension  in  the  load  lugs. 


Forward  Sway  Aft  Sway 
Brace,  Brace.  S^ 
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Figure  A--U.  HDU/Launcher  Load  Transfer  Points 
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With  the  swuy  braces  tJius  tightened,  load  transfer  to  the  launcher 
became  quite  complex.  Load  in  the  horizontal  (X)  direction  transverse  <( 
the  missile  longitudinal  axis  (Y  direction)  should  have  been  reacted 
almost  entirely  by  the  sway  braces  although  the  linearity  of  response 
depended  on  continuous  contact  between  the  sway  brace  feet  and  the  missile 
skin.  The  possibility  for  Y-axis  load  by  the  lugs  existed  because  of  the 
manner  of  contact  between  the  lugs  and  hooks.  Loads  in  the  longitudinal 
(Y)  direction  were  reacted  primarily  by  bending  of  the  aft  launch  lug  with 
some  reaction  of  the  sway  braces  and  the  potential  for  tensile  load  in  the 
forward  lug  (which  was  pivoted  about  the  X axis).  Gravitational  loads  (/, 
direction)  were  reacted  by  tension  in  the  lugs  and  compression  relief  in 
the  sway  braces.  These  load  conditions  are  discussed  in  detail  with 
results  of  the  calibration. 

both  launcher  lugs  were  instrumented  with  a four -gage  tensile  load 
circuit  as  shown  in  Figure  A-L’7.  The  two  gages  oriented  in  the  direction 
of  pull  and  the  two  gage  oriented  at  right  angles  to  that  axis  provided 
for  lateral  contraction  (Poisson  effect)  correction  and  minimal  response 
to  bending.  The  aft  lug  was  also  instrumented  to  measure  bending  as  shown 
in  Figure  A--H.  This  gage  arrangement  enhanced  the  bending  response  of 
the  gages  while  cancelling  response  to  tensile  loads.  The  sway  braces 
were  also  gaged  with  four-gage  bridges  that,  like  the  bending  circuit, 
provided  high  sensitivity  to  unequal  or  side  loads  while  minimizing 
response  to  brace  preload  when  applied  equally  to  both  arms.  The  arrange- 
ment is  shown  in  Figure  A--0. 

The  lugs  were  gaged  with  foil-type  strain  gages,  and  the  sway  braces 
were  gaged  with  semi-conductor  gages.  The  aft  sway  brace  was  also  instru- 
mented with  a foil  gage  circuit  as  a backup  for  the  semi-conductor  circuit 
(the  reliability  of  which  was  somewhat  suspect). 
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Figure  A-29.  Swuy-Brace  Bridge  Cinuit. 

In  addition  to  gages  located  to  minimize  cross-axis  sensitivity, 
compensating  resistors  were  introduced  to  minimize  gage  no-load  response 
change  with  temperature.  In  generul  , the  toil  gage  circuits  can  be 
thermally  compensated  to  a high  degree.  The  semi-conductor  gages  are  more 
temperature  sensitive  and  as  a rule  must  be  pi  i red  as  to  thermal  response 
to  achieve  a reasonable  thermal  compensation.  The  the rma 1 1 \ induced 
response  of  the  five  guged  elements  on  the  BUI  are  shown  in  Figure  A-10. 
Data  were  recordel  at  near-equilibrium  temperatures  during  conditioning  of 
HDU/launcher  assembly.  In  addition  to  gage  output  resulting  from  a tem- 
perature change,  th<'  output  may  also  vary  with  time  during  a temperature 
change  (i.e.,  a thermal  gradient  may  alter  the  gage  output).  This  is 
exemplified  by  the  data  shown  in  Figure  A -T 1 lor  the  sway  braces  on  cool- 
down from  INO  to  ~ ll1}  F.  The  response  of  the  aft  sway  brace  semi-conduc- 
tor gage  appeared  to  be  time  dependent  though  it  possibly  was  responding 
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Thermally  Induced  Shift  in  Output,  All-l'p  Calibration 


Figure  A-">1  . Sway-Brace  Cool-Down  Transient  Response 
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to  cross-axis  loading.  Since  it  was  impractical  to  map  the  temperature 
distribution  through  the  given  component,  these  data  were  used  to  indicate 
the  limits  of  accuracy  that  can  be  obtained  with  this  instrumentation. 
Finally,  as  the  temperature  changes,  gage  sensitivity  may  also  change. 

This  change  was  considered  negligible  for  our  purposes.  The  degree  of 
temperature  dependency  for  the  various  circuits  is  discussed  in  the  fol- 
lowing section. 

Instrumented  Launcher  Calibration 


A bench  calibration  was  performed  on  each  of  the  instrumented  lugs  to 
determine  sensitivity  and  to  measure  temperature  effect  on  gage  response. 
These  data  are  displayed  in  Figures  A- )2  through  -3A . The  various  govern- 
ing relationships  are  summarized  below.  Referring  to  Figure  A-L’,i  for 
locations  relative  to  the  center  of  gravity  of  the  HIM  of  the  several 
reaction  points  the  following  equations  are  developed: 


Y axis  (longitudinal  ): 
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Ki«ure  A-13.  Aft  Lug  (Tension  Gage ) Bench  Culibrati 
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Figiirc  A-Vt.  Al't  Lug  (Bending  Gage)  Bench  Calibration 
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Z axis  (vert i < a I ) : 
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Whore  the  first  equation  in  each  pair  represents  a sum  of  the  forces  in 
the  indicated  direction  and  the  second  equation  represents  the  sum  of 
moments  about  the  missile  center  of  gravity  (except  Eq.  A-'i , which  is  the 
sum  of  moments  about  an  axis  through  the  sway  brace/launcher  connector). 

From  Figure  A--A , Xj  23.6  inches,  X,,  -0.6  inches,  X.  0.6  inch, 

and  X/(  >i.k  inches,  all  measured  from  the  missile  center  of  gravity. 

Those  quantities  lor  which  the  lugs  and  braces  were  instrumented  are: 
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In  addition,  the  basis  of  contact  between  the  HDI  and  the  sway  braces  was 
friction  between  the  skin  and  feet  of  the  braces.  Thus,  sway-brace  forces 
were  not  necessarily  linear  in  response  to  load  applied  to  the  BDll. 

The  actual  procedure  followed  in  loading  the  instrumented  BDll  for 
all-up  calibration  during  the  interim  ground  test  was  as  follows: 

1.  Hang  BDll  on  launcher  hooks  without  motor  (or  aft)  section. 

Apply  incremental  loads  to  2000  pounds  at  BDll  center  of 
gravity  in  vertical  direction. 

2.  Zero  all  channels  without  BDU  after  assembling. 

3.  Hung  bomb  unil  adjust  sway  braces  until  snug. 
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4 . Apply  200-pound  loads  in  Z and  Y directions. 

'5.  Tighten  sway  braces  in  l/4  turn  steps  to  one  full  turn 
then  loosen  1/4  turn. 


6. 
7 • 
8. 
9. 


Apply  100-pound  loads  in  Z and  X directions  at  three 
stations  along  BDU. 


Apply  I 1500-pound  loads  in  Z direction  in  "500-pound 
increments  at  BDU  center  of  gravity  and  repeat. 


Apply  + 1000— pound  loads  in  X direction  in  200-pound 
increments  at  BDU  center  of  gravity  and  repeat. 


Apply  1800-pound  load  in  Y direction  (aft)  in  increments. 
Apply  1000-pound  load  in  Y direction  (aft)  in  increments. 
Retorque  launcher  (retighten  sway  braces).  Apply  1000- 
pound  load  in  Y direction  (aft)  in  200— pound  increments 
at  BDU  nose  and  repeat . 


The  voluminous  amount  of  data  thus  generated  is  summarized  graphically 
and  discussed  in  the  following  paragraphs. 

Step  1 - Luy  Tension  Calibration.  Step  l,  performed  with  the  forward 
section  of  the  BDU  and  without  the  sway  braces  in  contact  with  the  motor, 
represents  a calibration  of  the  lugs  in  tension.  1 quilt, ions  A-5  and  -0  are 
not  applicable  to  this  case  because  of  the  two  above-mentioned  conditions. 
Rather,  we  have 
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where 

W'  - weight  of  the  forward  section  only 

X'  = distance  from  eg  of  the  forward  section  to 
eg  of  the  BDU 
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(otisidering  the  two  extremes,  I)  mid  F 2000  pounds,  respec— 

t 1 ve ty , we  obta i n : 
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Data  reeorded  1 01  both  < v I <•  during  Step  I are  shown  in  Figure  A-'i'i. 
Using  tile  se  results  in  I i| . A-0  and  -10  we  obtain: 

Fwd  lug  tension  -eu-itivity  I2">  lb  mv 
\rt  lug  tension  sensitivity  I ”01  I h mv 


Step  2 - Zero  All  thaiunls.  The  launcher,  in  preparation  for  hanging 
the  assembled  111)1  , was  read  to  establish  zero  readings.  The  comparison 
between  ambient  no-load  readings  during  liench  calibration  on  the  lugs  and 
prior  to  hanging  the  111)11  is  of  interest.  Table  A-10  summarizes  this  com- 
parison. The  readings  are  comparable  for  all  three  channels. 

Steps  1 and  ;i  - Hang  111)1  . Snug  Sway  Braces;  Apply  200-Pound  Loads  in 
Z and  1 Axes.  The  complexities  of  the  analysis  of  data  from  the  all-up 
systems  rapidly  become  obvious  with  the  exercise  of  Steps  1 and  >i . Gage 
output  with  each  indicated  condition  is  summarized  in  Table  A-ll.  The 
spread  between  initial  and  final  free-hanging  response  is  of  the  same 
order  as  the  load  response  itself  in  every  case  but  one;  the  bending 
response  ol  the  aft  lug  is  significant  and  indicates  a sensitivity  of 
about  110  lh/mv,  which  compares  favorably  with  the  bench-calibration 
result  of  90  lh/mv.  As  an  approximation 


Aft  lug  bending  sensitivity  : 100  Ib/mv 
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TAH-i:  A-IO.  INSTRUMENTED  UXI  NO-LOA1)  OUTPUTS 


Fwd  Lug 
Tension,  mv 

Aft  Lug 
Tension,  mv 

Aft  Lug 
Bending,  mv 

Bench 

Calibration  Zero 

-1.011 

+0.1 'il 

+2.607 

A 1 l-U| 

> Calibration  Zero 

-1 . 001 

+0. 188 

+2.752 

TABLE  A-ll.  INITIAL  LOADING  01  I1DIJ 
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The  uncertainly  of  the  remaining  responses  precluded  meaning  I' til 
quantitative  analysis.  It  was  observed,  however,  that  some  sway -brace 
response  was  recorded  although  the  degree  of  contact,  the  directions  of 
loading,  and  the  supposed  axis  ol  sensitivity  should  have  precluded 
response  from  the  sway  braces.  The  inference  that  some  pur t of  the  Y-axis 
(longitudinal)  load  was  borne  by  the  sway  braces  agrees  with  an  inflated 
calibration  factor  for  the  aft  lug  in  bending  (lit)  vs  00  lb/mv).  This  is 
demonstrated  by  the  responses  to  Y-axis  loads  recorded  subsequent  to  the 
tightening  of  the  sway  braces  and  discussed  below. 

Step  5 - Tighten  Sway  Places.  The  procedure  followed  in  tightening 
the  sway  braces  consisted  of,  as  nearly  as  possible,  turning  all  screws 
simultaneously  to  one  full  turn  then  back  to  l/'i  turn. 


Outputs  of  the  various  gages  are  shown  in  Figures  A-l(  and  -17  for 
the  lugs  and  sway  braces,  respectively.  Summary  observations,  based  i.n 
tin*  calibrations  determined  above  yielded  the  following  results:  Tension 

induced  by  tightening  the  sway  braces  full  turns  amounted  to  4400  pounds 
in  the  forward  lug  and  1900  pounds  in  the  aft  lug.  In  addition,  a bending 
moment  was  generated  in  the  aft  lug  equivalent  to  a 110-pound  force  in  tin: 
longitudinal  direction.  The  forward-sway-brace  response  indicated  either 
an  imbalance  of  loading  in  the  X direction  or  a sensitivity  to  force  in 
the  Z direction  (or  a combination  thereof).  The  aft-sway-brace  semi- 
conductor gage  circuit  went  through  a perturbation  but  remained  reasonably 
uear  zero,  indicating  a balance  of  forces  in  the  X direction  and  a very 
low  level  of  sensitivity  to  /-direction  forces.  The  aft-sway-brace  foil- 
gage  circuit  showed  a greater  millivolt  excursion  than  did  the  semi- 
conductor and  recalled  that  the  sensitivity  should  have  been  significantly 
lower  with  attendant  reduction  in  gage  output  for  the  same  load.  One 
would  thus  infer  that  the  foil-gage  circuit  was  more  sensitive  to  vertical 
load  components. 

Step  t>  - Apply  IOO-Found  Loads  in  Z and  X Directions  at  Three 
Stations.  Step  6 represented  a mini -calibration  in  which  the  moments 
induced  by  loadings  away  from  the  center  of  gravity  of  the  HDU  were  used 
to  generate  response.  Loading  Points  A,  11,  and  C were  at  about  4,  "50,  and 
(>3.r»  inches  aft  of  the  BDIi  nose,  respectively.  The  center  of  gravity  was 
located  about  5-. 6 inches  aft  of  the  nose.  The  aft  sway  brace  was  very 
nearly  in  a fulcrum  position  (lief.  Figure  A-24),  located  only  0.6  inch 
forward  of  the  center  of  gravity. 

Table  A-l-  indicates  the  response,  in  millivolts,  of  the  various 
channels  to  the  loads  in  the  Z direction. 
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TABLE  A- 12.  INCH1MENTAL  RESPONSE  TO  100-POUND  VERTICAL  LOAD 


Gage  Output,  mv 

Point  of 
Appl i cat  ion 

Forward 
Tens i on 

Aft 

Tens  ion 

Aft 

Bend i ng 

Fwd 

Brace 

Aft 

Brace  (D 

U 

+0.441 

-0.043 

-0.010 

*0. 100 

+0 . Obb 

+0.044 

t-0 .211 

-0.008 

-0 . 000 

t-0. 083 

-0.044 

-0.01 1 

-0.302 

+0.111 

+0 . 1 07 

-0.  I’iO 

-0.077 

-0.063 

Post  test  Zero 

+0.010 

>0.003 

-0.008 

-0.003 

+0.03H 

tO .03 1 

From  a qualitative  standpoint,  the  results  wore  as  expected.  Loads 
applied  forward  of  the  center  of  gravity  (A  and  ll)  resulted  in  increased 
tension  in  the  forward  lug  and  decreased  tension  in  the  aft  lug.  The 
reverse  was  observed  for  Load  Case  C,  aft  of  the  center  of  gravity.  The 
af t-sway-hrace  circuits  indicated  the  greatest  zero  shifts.  If,  .as  will 
be  amplified  subsequently,  we  can  interpret  sway-brace  response  to  verti- 
cal loads  as  a legitimate  /-axis  sensitivity,  the  forward  sway  brace 
responded  with  a positive  millivolt  increment  to  decreased  compression; 
whereas  the  .aft  sway  brace  (foil  or  semi-conductor)  responded  witli  a posi- 
tive millivolt  increment  to  increased  compression. 

Since  loads  applied  in  the  X direction  (horizontal)  should  have  been 
carried  almost  t o fa 1 1 y by  the  sway  braces,  the  results  shown  in  Table  A- 1 1 
for  the  X-axis  load  conditions  were  unexpected. 


TABLE  A-13.  INCREMENTAL  RESPONSE  TO  1 00 -POUND  HORIZONTAL 
LOAD 


Gage  Output,  nrv 

Point  of 
Appl 1 ru 1 i on 

Forwa rd 
Tens  1 on 

Aft 

Tens j on 

a r t 

Bend  1 ng 

Fwd 

Brace 

Aft 

Hr  m > O 

\r  t 

Hi  a>  e © 

(A)  - 4 in. 

-0. 1 36 

-0.082 

+0.06! 

+1.113 

-0.084 

-0 . 302 

(D  - 30  in. 

-0.036 

-0.022 

+0.060 

>1.128 

-1 .237 

-0.480 

(c)  - 63.3  in. 

+0 . 1 34 

+0.1 16 

-0.003 

>0.030 

-0 . 484 

Post test  Zero 

-0.0 17 

+0.010 

+0 . 074 

-0.034 

+0 . 004 

A-3<> 


I 


I 


The  indicated  response  of  the  aft  lug  (tension)  was  ± 130  pounds. 

The  sway  braces  responded  essentially  the  same  whether  the  applied  load 
was  forward  or  aft  of  the  UDII  center  of  gravity.  Since  both  sway  braces 
were  forward  of  the  center  of  gravity  a yaw  moment  should  have  been 
induced  by  the  brace  reactions.  Obtaining  the  same  direction  of  reaction 
for  all  load  cases  implied  that  the  unbalanced  moment  was  taken  out  in  one 
or  both  lugs.  While  this  is  feasible,  it  was  unexpected  and  unaccounted 
for  in  either  Eq.  A -3  and  — 'i  or  in  the  instrumentation.  Without  knowledge 
of  the  division  of  X-axis  load  between  sway  braces  and  lugs  it  was 
impossible  to  provide  a sway-brace  calibration. 


Step  7 - /-Axis  Calibration.  Step  7 consisted  of  applying  load  to 
the  center  of  gravity  (through  a bolt  in  the  locator  hole)  in  the  vertical 
direction.  The  load  range  of  1700  pounds  was  applied  in  300-pound  incre- 
ments, reduced  to  zero  in  one  step,  and  repeated.  Following  two  cycles 
with  the  load  appl ied  downward,  the  test  was  repeated  with  the  load 
applied  upward.  Data  from  each  of  the  six  channels  are  shown  in  Figures 
A-3H  through  -*<3. 

Recalling  Eq.  A-3  and  -1),  we  expected  a complex  response;  and  on 
examination,  the  data  indicated  a complex  response.  On  application  of 
vertical  tension  (downward  7,  force)  the  forward  lug  exhibited  tension 
relief.  This  surprising  result  occurred  because  the  net  force  supported 
by  the  launcher  rack  was  the  combination  of  tension  in  the  lugs  and  com- 
pression in  the  sway  braces.  From  the  initial  readings  we  surmised  a net 
tension  in  the  lugs  of  about  7700  pounds  (~  31100  pounds  foiward,  ~ t«300 
pounds  aft)  composed  of  (>33  pounds  duo  to  the  weight  of  the  RDU  and  7000 
pounds  due  to  compression  loading  in  the  sway  braces.  The  application  of 
an  additional  1300-pound  load  resulted  in  a net  increase  of  only  about  600 
IKHinds  tension  in  the  lugs  (with  an  implied  reduction  of  000-pound  com- 
pression in  the  sway  braces).  Load  distribution  was  such  that  the  forward 
lug  supported  about  30  pounds  less  tension  with  the  1300-pound  load 
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Figure  A— G 0 . Aft  Lug  Bending,  A 1 1 —Up  Calibration,  Z-Axis  Forre 


A-61 


P OHM  ncv  »-70 


Figure  A— ^ '» 1 . Forward  Sway  Brace,  Z-Axis  Force 
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Figure  A— 43 . Aft-Sway-Brace  Foil  Bridge,  All-Up  Calibration.  2-Ax i s 


applied.  Qualitative  examination  indicated  slightly  increased  compression 
in  the  forward  sway  brace,  significant  decreased  compression  in  the  aft 
sway  brace,  increased  tension  in  the  aft  lug,  and  bending  in  the  aft  lug 
commensurate  with  a tendency  of  the  BDU  to  rotate  nose  upward  slightly 
(equivalent  to  an  O.H'f  reduction  in  force  at  the  forward  lug — on  the  order 
of  8 x ltT6  inch  displacement). 

Step  8 - X-Axis  Loading.  Step  8 consisted  of  applying  a load  to  the 
center  of  gravity  in  the  horizontal  direction,  perpendicular  to  the  BDU 
centerline.  The  load  range  of  1000  pounds  was  applied  in  200-pound  incre- 
ments, reduced  to  zero  in  one  stop,  and  repeated.  Following  two  cycles 
with  the  load  applied  in  a starboard  direction  (toward  the  aircraft  fuse- 
lage for  a lef t-wing -mounted  UDll)  the  process  was  repeated  in  the  port 
direction.  Data  from  each  of  the  six  channels  are  shown  in  Figures  A-44 
through  -49. 

Response  of  the  forward  lug  (tension)  and  the  aft  lug  in  bending  was 
minimal.  The  aft  lug  tension  response  was  significant — about  380-pound 
change  in  change-per-1 000-pound  applied  load.  Whether  these  responses 
were  due  to  tension  or  gage  cross-axis  sensitivity  was  undetermined.  A 
comparison  of  the  initial  output  of  the  aft  sway  brace  with  the  output 
after  the  original  torquing  showed  a decrease  of  almost  3 millivolts, 
which  indicated  an  initial  side  load. 

As  before,  without  a knowledge  of  the  distribution  of  X-direction 
forces  between  the  sway  brace  and  the  lug(s),  a calibration  of  the  sway 
braces  was  not  feasible.  For  a 100-pound  load  applied  at  the  center  of 
gravity  in  the  X direction  we  exjiected  a 1-millivolt  change  in  the  aft- 
sway-brace  output.  This  may  have  varied  significantly  with  sway  brace 
preload  (which  influenced  the  degree  and  manner  of  contact  of  the  lug/ 
hook  points). 
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Figure  A-A8. 


Al’t  Sway  Brace  (Semi-conductor  Gages), 
All-Up  Calibration,  X-.Vxis  Force 
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Figure  A—'i 9 . Aft  Sway  Brace  (Foil  Gages),  All-Up 
Calibration,  X-Axis  Force 

Step  0 - Y-Axis  Loading.  Step  9 was  performed  in  two  parts.  After 
three  cycles  to  about  1000  pounds  (applied  at  the  nose  of  the  HDU)  the 
sway  braces  were  retorqued  and  two  cycles  to  1000  pounds  were  run.  Data 
obtained  are  presented  in  Figures  A-50  through  -55. 

Significant  shift  occurred  on  the  first  test  cycle  (to  1800  pounds). 
'Hie  remaining  two  cycles  on  the  first  run  were  highly  linear  for  all 
gages.  Itetorquing  the  sway  braces  added  aboul  1000  pounds  tension  to  the 
lugs  (500  pounds  forward,  1000  pounds  aft).  The  forward  lug  and  aft  sway 
brace  foil  gage  responded  linearly  following  this  retorquing.  The  forward 
sway  brace,  aft  lug  bending,  and  aft  sway  brace  semi-conductor  gages 
showed  similar  responses  on  the  second  run.  The  initial  slope  on  the 


A -70 


■5 


Y-Axis  Load,  lb 

Figaro  A-1}! . Forward  Sway  Brace,  All-Up 
Y-Axis  Force 
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Figure 


i-r)U . Aft  Sway  Brace  (Semi-conductor), 
All-Up  Calibration,  Y-Axis  Force 


'5 


Y-Axis  Load,  lb 


Figure  A-51 . Aft  Sway  Brace  (Foil),  A 1 1 —Up  Calibrati 
Y-Axis  Force 


first  loading  step  was  high,  and  the  Wo  loading  cycles  indicate  s-.u/ 
hysteresis.  The  aft  lug  tension  gages  exhibited  some  hysteresis,  hut  t i 
was  due  primarily  to  a high  slope  response  for  the  first  loading  step  i- 
bot.h  cycles  of  the  second  run.  The  slope  of  the  aft  lug  tending  response 
was  about  0.7  millivolt  for  1000  pounds  force  at  the  nose.  This  compares 
with  about  9.1  millivolts  per  1000  pounds  with  the  sway  braces  loose.  It 
was,  therefore,  concluded  that  90  to  95$  of  the  longitudinal  load  was 
absorbed  in  the  sway  braces. 

Launcher  Calibration  Factors.  Ilcnch  calibrations  of  the  lugs  along 
with  the  test  data  accumulfited  without  the  sway  braces  in  contact  with  the 
motor  yielded  the  only  gage  sensitivity  data  of  importance.  Recognizing 
that  even  these  results  are  subject  to  significant  uncertainty  (perhaps  ± 
30$)  the  following  calibration  factors  are  submitted: 


Forward 

lug  tension 

130 

1 b mv 

Aft 

lug 

tension 

1A  00 

1 b mv 

Aft 

lug 

bending 

100 

1 b mv 

Because  of  its  low  sensitivity,  the  thermal  no-load  effect  was  significant 
for  the  aft  lug  tension  gage.  This  correction  is  -1  mv/lOO  deg  F. 

Accelerome  ters 


The  accelerometer  cables  were  repaired  and  the  connectors  cleaned. 
All  the  crystal  accelerometers  were  removed  from  the  HDU  and  calibrated 
using  an  electrodynamic  vibrator.  The  output  characteristics  were 
slightly  different  from  those  determined  in  the  initial  calibration.  The 
new  values  were  incorporated  into  the  data  analysis  routines. 
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High-Gain  Amplifiers 


High  gain  amplifiers  were  used  for  six  propellant  instruments  such 
that  the  ac  component  of  the  signal  from  the  instrument  was  amplified  (x 
1000 ) to  a level  easily  recovered  from  the  tape  record.  The  total  signal 
(both  ac  and  dc  components)  was  also  recorded  through  low-gain  amplifiers. 
Earlier  during  the  program  difficulties  were  encountered  with  the  high- 
gain  amplifiers  and  with  filtering  t he  low-frequency  and  dc  component  from 
the  channels  they  serve.  Progressive  improvements  were  made,  and  it  was 
believed  these  channels  were  functioning  properly  during  Flights  9,  10, 
and  11. 

Analysis  of  data  from  these  last  three  flights  showed  the  signals 
through  the  high-gain  amplifiers  were  very  low;  while  oscillations  in 
signals  from  the  same  instruments  through  low-gain  amplifiers  were  mod- 
erately high.  That  is,  whenever  calibration  factors  and  signal  condi- 
tioning equipment  character i sti rs  were  eons idered , data  processed  through 
high-gain  and  low-gain  circuits  were  not  consistent. 

Consequently,  new  amplifier  assemblies  were  fabricated  and  installed. 
The  circuits  were  carefully  cheeked  during  the  interim  test,  period,  and 
the  wiring  and  electrical  components  were  cheeked  and  characterized.  Os- 
cillatory signals  were  then  inserted  in  lieu  of  the  signal  from  individual 
gages,  and  the  gain  levels  from  the  dual-range  arrangement  were  determined 
correct.  Oscillatory  signals  were  then  inserted  parallel  to  the  gage 
signals  through  l/2  uf  capacitors.  In  these  tests,  the  gages  shunted 
the  input  signal  such  that  the  gain  levels  were  reduced.  This  attenua- 
tion is  characteristic  of  the  test  circuit  and  can  be  disregarded.  Data 
from  these  tests  showed  consistency  between  the  high-gain  and  low-gain 
e ha  line  I s . 


As  a final  check,  the  UDU  propellant  section  (which  contained  U»c 
dual-ranged  gages)  wus  tapped  with  a mallet  and  the  signals  monitored 
from  the  VCO  plugs.  During  these  tests  the  high-gain  channels  were 
clearly  functional. 

Mthough  the  reason  for  the  inconsistent  flight  data  was  not 
determined,  it  was  decided  to  proceed  with  ground  simulation  tests. 

111)11  ChaililKM  Pressure  Measurement 

Having  recognized  that  the  influence  of  atmospheric  pressure  on  the 
normal  stress  diaphragm  gage  becomes  significant  at  (light  altitudes,  it 
was  decided  to  install  a pressure  sensor  in  the  BDU  chamber.  A diaphragm 
normal  stress  gage  was  mounted  on  the  grain  surface.  The  gage  had  a 
sensitivity  of  about  -A. 2 mv/psig  with  a zero  shift  at  ambient  of  about 
-11.2  mi  1 livol ts . 
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APPENDIX  H 


DYNAMIC  RESPONSE  MEASUREMENT  CHARACTERISTICS 
OF  THE  NORMAL  STRIPS  DIAPHRAGM  GAGE 

Sensitivity  of  the  150  psi  gages  used  on  the  BDU  is  in  the  range  of 
0.0  to  1.0  rav/psi.  Bond  stresses  of  up  to  ‘JO  psi  during  captive  flight 
are  expected,  and  stresses  induced  hy  vibration  are  expected  to  be  on  the 
order  of  0.5  to  1.0  psi.  Hence,  two  parallel  records  of  gage  output  are 
made.  The  first  is  a direct  record  of  gage  output;  the  second  records 
only  dynamic  response.  Because  of  the  expected  low  dynamic  stresses,  the 
second  record  is  amplified  10  times  more  than  the  first,  or  direct, 
record.  Dynamic  stresses  recorded  on  the  second,  amplified,  record  during 
flight  tests  were  about  as  expected,  i.e.,  1 to  J psi.  Corresponding  data 
from  the  first  record,  however,  indicated  much  higher  dynamic  response,  up 
to  JO  psi.  An  additional  complicating  factor  arose  from  intermittently 
faulty  operation  of  the  data  track  carrying  the  amplified  dynamic 
response. 

To  resolve  the  conflict,  several  tests  of  the  various  elements  in  the 
instrumentation  system  were  conducted.  Results  of  the  investigation  sup- 
ported the  accuracy  of  the  amplified  data  and  revealed  a noise  problem 
that  produced  the  apparent  dynamic  stress  signals.  The  source  of  the 
noise  was  traced  to  beats  between  the  carrier  frequencies  for  the  FM  data 
records.  In  the  course  of  the  overall  investigation,  available  data  on 
the  dynamic  characteristics  of  the  normal  diaphragm  gage  were  studied  and 
some  limited  tests  were  conducted  to  extend  the  earlier  work.  The  tests, 
the  data  obtained,  and  the  inferences  made  from  these  data  are  described 
below. 
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EXPERIMENTAL  EFFORT 


The  test  specimen,  Figure  B-l , was  fabricated  from  the  specimen  used 
in  the  original  calibration.^  The  2-inch-diameter  propellant  rod  was  cut 
to  a length  of  2 inches.  The  base  of  the  rod  was  bonded  to  a steel  end 
plate  with  the  diaphragm  gage  embedded  in  the  propellant  rod  at  the  base 
plate  interface.  Static  calibration  was  accomplished  by  mounting  weights 
on  the  specimen  to  achieve  bondline  compressive  stresses  up  to  about  10 
psi.  The  DC  voltage  supply  to  the  gage  circuitry  was  overridden  with  AC 
excitation  to  evaluate  the  influence  of  possible  power-supply  noise  on  1 1>>'* 
gage  response.  Finally,  with  the  2-pound  weight  on  the  rod,  the  specimen 
was  subjected  to  sinusoidal  vibration  from  10  to  2000  Hertz  at  1-,  T-,  and 
1 0— g inputs.  At  the  10-Hertz  frequency,  displacement  limitations  on  the 
sliaker  permitted  a |>eak  level  of  r)  g.  All  mechanical  tests  were  run  at 
0 F,  ambient,  and  1A0  F.  Data  obtained  are  discussed  along  with  those 
from  Ref.  1 in  the  following  paragraphs. 
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Figure  B-l.  Dynamic  Characterization  Test  Specimen 


^Leeming,  11. , et  al : Solid  Propellant  Structural  Test  Vehicle  Program  - 

Final  Report,  AFRPL-TR-72-29,  April  1972. 
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S tatic  Calibration 


Gaga  sensitivity  data  measured  in  compression  are  presented  in  Tab! 
B-l  below.  Sensitivity  has  apparently  decreased  and  flattened  out,  as 
might  be  expected  from  experience  with  this  system. 


TAIliE  B-l . GAG  I’  S1MS1TIYITY  IN  C0MPRESS1  ON 


Temp, 
deg  F 

Sensi ti vi 

ty , mv  ps  i 

Ref.  1 ( 1 07- ) 

Current  Test  (1073) 

UO 

0.00 

o.7l 

7'* 

0.80 

0.78 

0 

0.80 

0.74 

filer t of  Noise  in  Power  Supply 

As  shown  in  Table  B —12  below,  a variety  of  AC  voltages  were  super- 
imposed on  the  bridge  power  supply.  Since  the  bridge  circuitry  is  linear 
in  design,  no  significant  effect  was  expected;  and  in  fact,  none  was 
observed.  On  the  table,  all  sensitivities  are  normalized  to  a 28-vol t 
supply  level.  It  is  apparent  from  these  data  that  power  input  variations 
cause  a linear  response  variation,  as  would  be  expected.  Further,  a feel- 
ing for  expected  data  scatter  was  established  for  the  next  step  of  mechan- 
ical testing. 

Dynamic  Testing 

Vibration  tests  were  conducted  in  a fi  ee  mode  as  opposed  to  the 

fixed-fixed  mode  used  in  Ref.  1.  This  shil  the  resonant  frequency  of 
the  test  specimen.  The  mass  of  the  added  weight  and  th-  propellant  rod 
resulted  in  a nominal  0.67  psi  at  the  gage  interface  for  1-g  input.  As 
the  specimen  passed  through  resonance,  pliase  shifts  between  the  top  and 
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tabu:  b-2.  effect  OF  POWER  SUPPLY  on  gage  responsl 


DC  Dower, 

V 

— 

AC, 

V 

Frequency, 

Hz 

DC  Sensitivity, 
mv/psi/28  v 

AC  Sensitivity, 
mv  ps i /28  \ 

28 

— 

— 

0.78 



20 

20 

60 

0.69 

0.66 

20 

20 

120 

0.70 

0.73 

20.3 

20 

A AO 

0.68 

0.72 

l‘)8 

19 

1200 

0.70 

0.69 

28 

•j 

GO 

0.67 

0.66 

28 

•> 

- 

120 

0.71 

0.73 

28 

2 

440 

0.70 

0.59 

28 

*> 

600 

O.69 

0.66 

28 

o 

800 

0.74 

0.73 

28 

• > 

1200 

0.75 

0.88 

bottom  of  the  specimen  resulted  in  lesser  peak  stress  at  the  bondline 
interface.  This  stress  cun  vary  from  almost  zero  to  greater  than  twice 
the  weight/area  being  supported  as  the  frequency  is  increased.  Indicated 
sensitivities,  normalized  to  1 g,  assume  that  the  full  load  is  borne  at 
the  interface.  Data  obtained  at  each  test  temperature  are  given  in  Tables 
It-') , —4,  and  -5.  Amplitude  ratios  are  plotted  in  Figure  11-2,  from  which 
• resonance  at  each  temperature  can  be  identified. 

DISCUSSION  AND  CONCLUSIONS 


The  diaphragm  gages  used  in  these  tests  and  on  the  BDU  are  designed 
to  measure  pressures  up  to  150  psi.  We  are  using  them  to  measure  stresses 
on  the  order  of  10  ps  i anil  are  attempting  to  resolve  dynamic  components  on 
the  order  of  0.5  psi.  As  with  any  measuring  device,  when  trying  to 
resolve  ilntn  below  Vt  of  full-scale,  significant  data  scatter  is  bound  to 
occur.  Data  shown  in  the  five  tables  above  arc1  remarkably  eon  -istent  in 
view  of  the  low  level  of  operation. 
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Tri"  diaphragm  gage  is  shown  to  have  a reasonably  flat  respon 
the  expected  response  frequency  limit  of  a case-bonded  propellant  grain 
A00  Hertz).  There  is  certainly  no  enhancement  of  sensitivity  that  would 
result  in  a tenfold  increase  in  output  due  to  vibration.  Based  on  the 
data  shown,  the  diaphragm  gage  is  a useful  indicator  of  dynamic  stresses 
as  well  as  those  induced  by  pressurization  and  temperature  cycling.  The 
dynamic  stresses  as  indicated  on  the  amplified  record  are  probably  valid 
at  frequencies  below  about  100  Hertz.  The  higher  (especially  near  1000 
Hertz)  responses  are  attributable  to  cross  talk  between  channel  carrier 
f requeue ies . 


TAUT!  11-1.  DYNAMIC  GAGE  RESPONSE  AT  1A0  F 


Frequency , 
Hz 

Apparen t 

Gage  Sens 
mv  7 ps i / g 

1 ti  v 1 ty , 

1 K 

3 g 

10  g 

10 

0 . 08 

0.71 

0.71* 

20 

0.08 

0.70 

0.07 

A0 

0.72 

0.70 

0.70 

100 

0.07 

0.00 

0.72 

200 

0.70 

0.70 

a.  00 

A 00 

0.A1 

0.A1 

0 . A A 

1000 

0 . 2A 

0.'2  A 

0.22 

1 A00 

0 . 1(i 

0 . A0 

0 . A0 

2000 

0.12 

0.11 

0.10 

■* 

Test  input  limited  to  1 g at  10  Hertz 


TABLE  B — 'i . DYNAMIC  GAGE  RESPONSE  AT  6 1 F 


Frequency, 

Hz 

Apparent 

Gage 

Sensitivity,  mv 

/psi/g 

Ref.  1* 

1 g 

3 

& . 

10  u 

10 

0.80 

0 

73 

0 

70 

0 

72** 

20 

0.72 

0 

<>7 

0 

04 

0 

09 

AO 

0 . 08 

0 

04 

0 

70 

0 

11 
( ( 

100 

0 . 82 

0 

01 

() 

05 

0 

7o 

200 

0.77 

0 

03 

0 

09 

0 

73 

400 

0 . 70 

0 

30 

0 

GO 

0 

00 

1000 

1 .22 

0 

25 

0 

20 

0 

20 

1400 

— 

0 

18 

0 

13 

0 

18 

2000 

— 

0 

31 

0 

22 

0 

24 

* 

Derived  from  data  acquired  at  7 *5  and  40 
Test  input  limited  to  'i  2 at  10  Hertz 


TABLE  0-3.  DYNAMIC  GAGE  RESPONSE  AT  0 1 


Frequency , 
Hz 

Apparen t 

Gage 

Sens  i 

ti  vj  ty , rav 

psi 

g 

Ref 

77^ 

1 

g 

5 

s 

10  g 

10 

0. 

08 

0 

01 

0 

70 

0 

58** 

20 

0. 

79 

0 

01 

0 

02 

0 

00 

40 

0. 

78 

0 

50 

0 

08 

0 

00 

100 

0. 

79 

0 

75 

0 

70 

0 

00 

200 

0. 

1 i 

0 

55 

0 

50 

0 

55 

400 

0. 

45 

0 

54 

0 

54 

0 

50 

1000 

0 . 

44 

0 

44 

0 

44 

0 

40 

1400 

- 

- 

0 

33 

0 

31 

0 

30 

2000 

- 

- 

0 

23 

0 

10 

0 

17 

* 

Data  taken  a ( -10  f 


Test  input  limited  to  ”5  g at  10  Hertz 


B-0 


Log  f , 11/ 


Figure  B— 2.  Vibration  Response  of  Inert  Propellant  Rod 
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